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ABSTRACT 
 
Fire blight, caused by the gram-negative bacterium Erwinia amylovora, is one of the 
most devastating bacterial diseases for the apple and pear industry. Two pathogenicity factors 
strictly required for E. amylovora to cause disease are the exopolysaccharide amylovoran and the 
type III secretion system. In bacteria, the two-component signal transduction (TCST) system is 
the major paradigm to sense environmental stimuli and usually respond by regulating gene 
expression. One of the extensively studied TCSTs in enteric bacteria is the Rcs phosphorelay 
system (RcsCDB), which regulates numerous phenotypes such as exopolysaccharide production, 
swarming motility and bacterial virulence. Orphan genes (ORFans) are annotated genes that 
exclusively exist in a particular genome, strain, species or lineage. One of the enterobacteria-
specific orphan genes is annotated as ybjN gene. So far, our knowledge about the function of 
ybjN gene is very limited.  
First, four wild-type strains (Ea1189, Ea273, Ea110, and CFBP1430), widely used in 
studies of E. amylovora pathogenesis, have been analyzed and compared to determine if there is 
a correlation between bacterial virulence and levels of virulence gene expression. Virulence tests 
on Golden Delicious apples and root stock plants revealed that American strains caused more 
severe disease than those caused by European strains. Further molecular analyses revealed that 
the ability to cause disease on apple leaves was positively correlated with the level of 
amylovoran production and T3SS gene expression. Second, systemic studies were carried out on 
the Rcs phosphorelay system and have revealed its essential roles in E. amylovora virulence and 
survival: 1) The Rcs phosphorelay was essential for bacterial virulence and amylovoran 
production; 2) Comparative characterization of RcsC sensor kinase showed that the sensor 
domain of RcsC was important for the regulation of bacterial virulence; 3) novel genes regulated 
by RcsB and RcsC were identified by microarray assays. Third, a conserved hypothetical gene 
amyR from E. amylovora and its homolog ybjN from E. coli were functionally characterized. 
AmyR negatively controlled bacterial virulence by regulating the expression of both amylovoran 
and T3SS genes in E. amylovora; whereas YbjN conveyed pleiotropic effects on stress responses 
and survival in E. coli. Furthermore, global gene expression profilings for amyR and ybjN in E. 
amylovora and E. coli were performed, respectively.  
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CHAPTER 1 
INTRODUCTION 
 
1.1 Fire blight disease and the pathogen 
Fire blight, caused by the gram-negative bacterium Erwinia amylovora, is one of the 
most devastating diseases for the apple and pear industry. The disease was first observed in 1880 
in the Hudson Valley of New York and later spread to New Zealand, across North America, 
Europe and the Middle East in the past two centuries (Vanneste, 2000). Known for its ability to 
cause devastating impact, this bacterial disease accounts for over 100 million dollars in losses 
per year in the U. S. alone. 
The disease cycle begins in the spring with the production of inoculum and blossom 
infection. The disease continues through summer with progressive infection into the tree, and 
ends in late summer or early autumn with canker development (Vanneste, 2000). The pathogen is 
inactive during host dormancy in the winter season. Infection usually begins on apple or pear 
blossoms during the flowering period. Secondary infection leads to fruit, leaf, shoot, twig, limb, 
collar or root blight, depending on the site of infection (van der Zwet and Beer. 1991). Under 
high temperature and humid conditions, the infected plants first show water soaking symptoms 
with copious ooze produced on the surface of fruits, petioles as well as shoots followed by tissue 
wilt and blackening. The symptoms make the tree appear as if burned by fire. Another typical 
symptom is that the infected young shoots and twigs wither and turn black with the tip of the 
shoot bending in a characteristic fashion, forming the curvature which resembles a shepherd's 
crook. After primary infection of the blossoms, the bacteria move systematically through the 
xylem to larger twigs and branches, causing cankers, and then may spread into the scaffold limbs 
and the trunk, and finally may result in the death of the entire tree (Vanneste, 2000).  
E. amylovora belongs to the family Enterobacteriaceae and is closely related to many 
important human and animal pathogens such as Escherichia coli, Salmonella enterica, Shigella 
flexineri and Yersinia pestis. The cells are 1.1-1.6 x 0.6-0.9 μm in size, Gram-negative rod shape, 
with rounded ends, motile by many peritrichous flagella. Optimal growth of E. amylovora occurs 
between 24°C and 29°C; however, the pathogen can grow over a much broader temperature 
range between 4°C and 32°C (Vanneste, 2000).  
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The complete genomes of E. amylovora strains Ea273 and CFBP1430 have been 
sequenced at the genome size of 3.8 Mb, it is small compared to that of other sequenced 
enterobacteria (from 4.6 to 5.5 Mbs). Comparative studies of genomes of three Erwinia species 
including E. amylovora, Erwinia pyrifoliae (a pathogen only infects pear trees in Asian) and 
Erwinia tasmaniensis (A nonpathogenic epiphytic bacteria on apple plants) have identified the 
Erwinia pan and core genomes (Smits et al., 2010a). The pan genome of Erwinia contains 5650 
coding sequences (CDS), around half of them (2474) are core CDS. Strikingly, a significant 
number of genes in the Erwinia pan genome encode hypothetical proteins that have no homologs 
in any other genomes (Smits et al., 2010b). Recently, the genome of a strain of E. amylovora 
with pathogenicity restricted to Rubus spp. has been determined (Powney et al., 2011). Further 
comparative analyses will add more to the Erwinia pan genome and provide evolutionary 
insights for E. amylovora genomics.  
 
1.2 Virulence factors in E. amylovora 
Due to the importance of fire blight disease, extensive research has been carried out to 
study the mechanism of E. amylovora pathogenesis. Two essential factors including the type III 
secretion system (T3SS) and the extracellular polysaccharide (EPS) amylovoran are required for 
E. amylovora to cause disease (Bellemann and Geider, 1992; Steinberger and Beer, 1988). 
Mutant stains deficient in T3SS gene expression or amylovoran production are completely 
abolished in virulence. In addition, a few other virulence traits such as motility, siderophore, 
dihydrophenylalanine (DHP) and levan production were also identified (Oh and Beer, 2005). 
However, bacterial mutants which are non-motile or deficient in siderophore, DHP or levan 
production are only partially reduced in virulence. 
1.2.1 The T3SS and hrp genes 
The discovery of the hrp gene cluster and the later demonstration that it encodes a type 
III secretion system (T3SS) common to gram-negative bacterial pathogens, is a landmark in 
molecular plant pathology. Hrp genes are first identified in Pseudomonas syringae pv. 
phaseolicola (Lindgren et al., 1986), and have been later identified in many gram-negative 
phytopathogenic bacteria such as Ralstonia solanacearum (Boucher et al., 1987), E amylovora 
(Steinberger and Beer, 1988), Xanthomonas campestris (Arlat et al., 1991) and Dickeya dadantii 
(Bauer et al., 1994). The most noticeable phenotype of hrp mutants is their reduced 
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pathogenicity on susceptible host plants, and inability to elicit the hypersensitive response (HR) 
on resistant cultivars of host plants and nonhost plants (Lindgren et al., 1986). 
Discoveries in the 1990s demonstrated that phytopathogenic bacteria can deliver effector 
proteins into host cells (Alfano and Collmer, 1997; Scofield et al., 1996). Importantly, the 
involvement of hrp genes in the biosynthesis of the T3SS needle apparatus (Hrp pili) in P. 
syringae and R. solanacearum were also established (Roine et al., 1997; Van Gijsegem et al., 
2000). Further studies have showed that hrp genes are involved in the secretion and translocation 
of effector proteins (He and Jin, 2003; Van Gijsegem et al., 2000; Mudgett and Staskawicz, 
1999).  
Bioinformatic analyses of bacterial genomes revealed that hrp genes are usually clustered 
in pathogenicity islands (PAIs) and multiple T3SS clusters may exist in the same strain. In E. 
amylovora, in addition to the well-characterized hrp PAI (PAI1) involved in plant-bacterial 
interactions, two other regions (designated PAI2 and PAI3) were identified that code for 
homologs of T3SS components. Both PAI2 and PAI3 have similar low GC content and gene 
organization with the known T3SS PAIs of the insect endosymbiont Sodalis glossinidius and ysa 
of Yersinia enterocolitica (Zhao et al., 2009). Functional analysis indicated that PAI2 and PAI3 
of E. amylovora are not involved in virulence.  
In E. amylovora, the hrp genes of PAI1 are grouped on a 25 kb region (Wei and Beer, 
1993). Nine genes are believed to constitute the core structural components of the T3SS 
including HrpA, a pilin protein. The master regulator of T3SS is HrpL, a member of the ECF 
subfamily of sigma factors, which in turn is activated by both the HrpS sigma 54 enhancer-
binding protein and the HrpXY two-component system (Wei et al., 2000). HrpL recognizes 
conserved promoter motifs (hrp boxes) of structural genes and those genes whose protein 
products are secreted via T3SS (Wei and Beer, 1995). The T3SS of E. amylovora secretes 
several virulence proteins, including AvrRpt2, HrpN, HrpW, HrpJ, HrpK, DspE, DspF and EopB 
(Bogdanove et al., 1998; Gaudriault et al., 1997, 1998; Oh and Beer, 2005; Zhao et al., 2006). 
Harpins (HrpN and HrpW) are glycine rich hydrophilic proteins, and elicit a HR when infiltrated 
into intercellular spaces of some plants (Alfano and Collmer, 1996). One of the secreted proteins, 
DspE (disease specific protein), is a functional homolog of AvrE in P. syringae pv. tomato, and a 
mutation in dspE renders the pathogen non-pathogenic (Bogdanove et al., 1998ab). With the help 
of the chaperone protein DspF, DspE is translocated into plant cells and induces cell death in 
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apple and non-host plants (Bocsanczy et al., 2008; Boureau et al., 2006; Meng et al., 2002; 
Triplett et al., 2009, 2010).  
1.2.2 Extracellular polysaccharides  
Bacterial pathogens produce exopolysaccharides (EPS) during plant infection. There are 
two major types of exopolysaccharides in terms of their sugar composition: 1. 
Heteroexopolysaccharides that have repeating structures with different sugar or non-sugar 
subunits such as xanthan and amylovoran. 2. Homoexopolysaccharides such as alginate and 
levan. EPS plays important roles for adaptation to different niches (Costerton et al., 1981; Eden-
Green and Knee, 1974; Goodman et al., 1974; Leigh and Coplin, 1992). EPS around the cell may 
protect bacteria from desiccation and other environmental stresses. Most EPS are capable of 
holding minerals and nutrients due to their anionic nature. EPS also play essential roles in the 
establishment of many plant-bacterial interactions.  
E. amylovora produces two types of exopolysaccharides, the heteroexopolysaccharide 
amylovoran and the homoexopolysaccharide levan (Bellemann and Geider, 1992; Geier and 
Geider, 1993). Levan is a homopolymer of fructose residues, mutants deficient in levan 
production are reduced in their virulence on pear fruits. Amylovoran is originally named 
amylovorin, and then changed to amylovoran to be more consistent with the naming of 
polysaccharide (Goodman et al., 1974). Amylovoran is a high molecular weight (50-150 
megadaltons) capsular polysaccharide composed of galactose and glucuronic acid molecules in 
4:1 ratio (Nimtz et al., 1996; Smith et al., 1990). Mutants deficient in amylovoran biosynthesis 
are nonpathogenic (Bellemann and Geider, 1992; Bernhard et al., 1993). As a virulence factor, 
amylovoran has multiple functions for E. amylovora virulence and survival. Originally, it was 
proposed that amylovoran was a host-specific toxin (Goodman et al., 1974). However, a follow-
up study by Sjulin and Beer clearly demonstrate that amylovoran induces wilts by blocking water 
movement in xylem (Sjulin and Beer, 1978). Recent studies also reveal the indispensable 
functions of amylovoran in bacterial biofilm formation in plant xylem and survival under stress 
conditions (Koczan et al., 2009; Ordax et al., 2006, 2010).  
The synthesis of amylovoran is encoded by the ams operon of 15.8 kb in length, 
consisting of 12 genes from amsA-amsL (Bernhard et al., 1993). These genes are transcribed as a 
single mRNA fragment. The promoter of ams operon is around 500 bp in front of the first gene 
amsG (Wang et al., 2009, 2010, 2011). In a recent study, a T3SS island deletion mutant and an 
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ams operon deletion mutant could complement each other in a co-inoculation experiment, 
indicating that these two virulent factors are both necessary to cause disease (Zhao et al. 2009). 
 
1.3 Two-component signal transduction (TCST) systems 
In prokaryotes, the two-component signal transduction (TCST) systems serve as a basic 
stimulus-response coupling mechanism to allow microorganisms to sense and respond to 
changes in internal and external conditions (Chang and Stewart, 1998; Parkinson and Kofoid, 
1992). Generally, a typical TCST system is composed of a cognate pair of proteins, a membrane-
bound histidine kinase (HK) sensor and a cytoplasmic response regulator (RR). The sensor 
protein responds to environmental signals by phosphorylating the RR and hence changes its 
DNA binding activity. Signal transduction begins through the transfer of phosphoryl groups from 
ATP to a specific histidine residue in the histidine kinase domain. Subsequently, the histidine 
kinase catalyses the transfer of the phosphate group on the phosphorylated histidine residues to 
an aspartic acid residue in the receiver domain of the RR. Phosphorylation causes the RR's 
conformation to change, which then leads to the activation (or repression) of target gene 
expression. The level of phosphorylation of the RR controls its activity. In addition to enzymatic 
activities such as autophosphorylation from ATP and transfer of phosphoryl group to its cognate 
regulator, the HK also dephosphorylates the phosphorylated cognate RR under certain conditions 
(Stock et al., 1990). 
 Two component signaling systems are widely distributed in prokaryotes, whereas only a 
few TCSTs have been identified in eukaryotic organisms such as plants, but not in animals. 
Enterobacterial species such as E. coli and E. amylovora harbor over 30 two-component signal 
transduction system genes such as rcsBCD and envZ-ompR. These systems are responsible for 
monitoring and responding to environmental changes and control expression of target genes 
(Fabret et al., 1999).  
1.3.1 The Rcs phosphorelay system 
One of the well studied TCSTs in enterobacteria is the Rcs (Regulator of capsule 
sysnthesis) phosphorelay system. The Rcs phosphorelay in E. coli is originally identified as a 
regulator of expression of the colanic biosynthetic genes, which encode proteins required for the 
production and secretion of capsular polysaccharide colanic acid (Majdalani and Gottesman, 
2005). The uniqueness of the Rcs phosphorelay is that it is composed of three separate proteins 
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containing four known signaling domains. The sensor protein of the Rcs system is the hybrid 
kinase RcsC which contains conserved histidine kinase domain (HisKA) and a receiver domain 
(REC) (Rogov et al., 2006). The conserved histidine residue in the HisKA and aspartate residue 
in the REC are both involved in the phosphorelay signaling (Clarke et al., 2002). RcsB is the RR 
of the Rcs system and it contains a conserved REC (Francez-Charlot et al., 2003). In addition to 
RcsC and RcsB, a third protein, RcsD (also called YojN), which contains a histidine 
phosphotransfer (HPt) domain, is also an indispensable part for the Rcs phosphorelay (Takeda et 
al., 2001). It is generally believed that RcsC senses an environmental signal, the conserved 
histidine residue in HisKA is autophosphorylated and the phosphoryl group is transferred to the 
conserved aspartate residue in the REC domain of RcsC. The phosphoryl group is then actively 
transferred to the histidine residue in the HPt domain of RcsD, which finally phosphorylates a 
conserved aspartate residue in the REC of RcsB. Phosphorylation of RcsB leads to its 
conformational change and greatly enhances its DNA binding activity. Therefore, phospho-RcsB 
is able to bind DNA and to regulate the transcription of its target genes. An accessory protein of 
the Rcs phosphorelay is RcsA, a LuxR family of DNA binding regions, works together with 
RcsB as heterodimers to regulate gene expression. 
The Rcs phosphorelay system has been shown to control multiple traits in enteric 
bacteria. Besides EPS biosynthesis in E. coli, S. enterica and E. amylovora (Majdalani and 
Gottesman, 2005; Bereswill et al., 1997; Stout and Gottesman, 1990), the Rcs phosphorelay 
regulates flagella biosynthesis and motility by repressing the master regulator flhDC operon in E. 
coli, S. enterica, P. mirabilis and Pectobacterium carotovora (Belas et al., 1998; Francez-
Charlot et al., 2003; Takeda et al., 2001). Moreover, a microarray study in E. coli has identified 
over 150 genes differentially expressed in rcsC mutant. Interestingly, around half of these genes 
encode proteins that are surface appendages such as antigen 43 and curli or proteins that modify 
the bacterial envelope (Ferrières and Clarke, 2003). Together, these results suggest that the Rcs 
phosphorelay system remodels the cell surface by repressing the production of proteinaceous 
surface structures and enhancing the production of EPS. 
 The role of the Rcs phosphorelay system in bacterial virulence has been characterized in 
different enteric bacteria. Rcs mutants in S. enterica, E. amylovora and Y. pseudotuberculosis 
poorly colonize host tissues (Bereswill et al., 1997; Hinchliffe et al., 2008; Mouslim et al., 
2004). In contrast, in the plant pathogen P. carotovora, the causal agent of the soft-rot disease, 
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the Rcs phosphorelay system negatively modulates the expression of plant cell-wall degrading 
enzymes (PCWDEs) and the rcs mutants are hypervirulent on potato tubers (Andresen et al., 
2007). In addition, the Rcs phosphorelay system has been shown to be important for stress 
resistance in vitro. In E. coli, the Rcs phosphorelay controls gene expression at post-
transcriptional level by positively regulating the expression of the small RNA RprA (Majdalani 
et al., 2002). RprA recognizes the 5‘ end of the general stress sigma factor rpoS mRNA and 
increases its transcription. It has been shown that the Rcs phosphorelay is important for 
resistance to the cationic peptide polymyxin B in S. enteric and resistance to bile in Y. 
pseudotuberculosis (Erickson and Detweiler, 2006; Hinchliffe et al., 2008).  
 
1.4 Regulators of amylovoran biosynthesis 
 Amylovoran production is affected by different environmental factors such as pH, copper 
ions as well as carbon sources. A network of genes involved in the regulation amylovoran 
biosynthesis has been identified, including TCSTs such as the Rcs phosphorelay, GrrS/GrrA and 
EnvZ/OmpR systems (Zhao et al., 2009) as well as the global regulator H-NS and a novel 
protein RcsV (ref.). 
1.4.1 Regulation of amylovoran production by the Rcs phosphorelay system 
Previous studies have shown that amylovoran biosynthesis is strongly affected by rcsA 
(Bernhard et al., 1990; Coleman et al., 1990) and rcsB (Bereswill and Geider, 1997; Kelm et al., 
1997). Genetic studies have shown that mutation in rcsB renders the pathogen non-pathogenic 
and abolishes amylovoran production, whereas the rcsA mutant has partially reduced virulence 
but still produces about 10% of normal amylovoran levels (Bereswill and Geider, 1997; 
Bernhard et al., 1990). Further studies have shown that both RcsA and RcsB bind to an ‗RcsAB 
box‘ (TaAGaatatTCctA) in the promoter of amsG and other genes, as RcsAB heterodimers or 
RcsB–RcsB homodimers (Wehland et al., 1999). In E. amylovora, multicopies of RcsA alone is 
capable of inducing the mucoid phenotype (Bernhard et al., 1990). Therefore, it is generally 
considered as a rate limiting factor of EPS production in E. amylovora. In E. coli, it has been 
shown that expression of rcsA is transcriptionally regulated by global regulators such as H-NS 
and DsrA (Majdalani and Gottesman, 2005). Moreover, RcsA is a rather unstable protein and can 
be easily degraded by Lon protease under certain conditions. Although much attention has been 
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given to RcsB and RcsA in E. amylovora, the roles of RcsC and RcsD in amylovoran 
biosynthesis and bacterial virulence have not been established.  
1.4.2 Regulation of amylovoran production by RcsV 
The E. amylovora rcsV (regulator of capsular synthesis affecting viscosity) gene is first 
identified by suppressing a non-mucoid Pantoea stewartii rcsA mutant using an E. amylovora 
genomic library (Aldridge et al., 1997). The rcsV gene has a low score of similarity to the genes 
rcsA and rcsB. Whereas, the deduced C-terminus protein sequence of RcsV were similar to RcsA 
and other transcriptional regulators of the two-component regulatory family. In this region, a 
characteristic helix-turn-helix motif is required for correct DNA interaction. In the N-terminal 
domain of RcsV, a putative phosphorylation domain similar to the domain of the RcsB is also 
detected. Further studies reveal that multiple copies of rcsV induces mucoid phenotypes in P. 
stewartii wild-type strain and increased exopolysaccharide synthesis in several species of 
Erwinia. Interestingly, mutation of rcsV in wild-type E. amylovora does not alter amylovoran 
production and the mutant is still highly virulent on host plants. A northern blot analyses has 
shown that the rcsV is not expressed in E. amylovora due to its inactive promoter under lab 
conditions. But it is likely that RcsV may respond to a yet unknown signal and control the 
amylovoran production during the life cycle of E. amylovora. 
1.4.3 Regulation of amylovoran production by H-NS 
H-NS is a small basic chromatin-associated protein found in enterobacteria. It is first 
found as a heat stable transcription factor (Jaquet et al. 1971) and as one of the major 
components of the bacterial nucleoid (Varshavsky et al. 1977). H-NS is considered as a global 
negative regulator of gene expression, and approximately 5% of E. coli genes are controlled by 
the protein (Hommais et al. 2001). As a transcriptional regulator, impact of H-NS on gene 
expression can be classified as direct and indirect mechanisms: H-NS might have an indirect 
effect on gene expression by altering topology of promoter (Higgins et al. 1990) or it can directly 
repress transcription by binding to promoter regions as shown by footprinting experiments 
(Afflerbach et al. 1999). Thereby, the RNA-polymerase might be excluded by H-NS proteins 
from binding the promoter region of the repressed gene (Dorman and Deighan 2003).  
It has been shown that H-NS represses rcsA expression by binding to a region between -
97 and -59 relative to the start-point of transcription in E. coli (Gotteman et al., 2005). The 
repression effect of H-NS on rcsA expression can be overcome by the over-expression of RcsB, 
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which positively regulates rcsA expression by binding to its promoter. Further studies also reveal 
that a small (85-nt) RNA, DsrA, when overproduced, activates transcription of rcsA by 
counteracting H-NS silencing (Lease and Belfort, 2000).  
 1.4.4 Regulation of amylovoran production by EnvZ/OmpR and GrrA/GrrS systems 
The sensor kinase GrrS (also named GacS, BarA) and the response regulator GrrA (also 
name GacA, UvrY) are members of a TCST that is present in a wide variety of Gram-negative 
bacteria and has been well studied particularly in Pseudomonads. The GrrS/GrrA system 
controls the production of secondary metabolites and extracellular enzymes involved in 
pathogenicity, biocontrol of soilborne plant diseases, ecological fitness, or tolerance to stress. In 
P. aeruginosa, the GrrS/GrrA system interprets signals to downstream genes exclusively by 
controlling the expression of two genes rsmY and rsmZ (Brencic et al., 2009). These two small 
RNAs serve as intermediates between the input signals and the output at the level of mRNA 
stability. In pathogenic E. coli strain, grrS and grrA mutants produce low level of 
exopolysaccharide and poorly colonize hosts (Herren et al., 2006). On the contrary, E. 
amylovora grrS and grrA mutants produced 10 fold more amylovoran compared to the wild type 
(Zhao et al., 2009).  
Another TCST that regulates amylovoran production is the EnvZ/OmpR system (Zhao et 
al., 2009). Mutation of envZ or ompR results in around 10 fold higher amylovoran than that of 
the wild type. The EnvZ/OmpR system is first known for regulating the porin genes ompF and 
ompC in response to changes in the osmolarity (Stock et al., 1989). In addition to its role in porin 
gene regulation, the RR OmpR is also involved in regulating various cell functions, including 
motility, biofilm formation, adaptation to acidic conditions and virulence (Kim et al., 2003; 
Raczkowska et al., 2011).  
1.4.5 Impact of amylovoran production by other regulators 
Other negative regulators of amylovoran biosynthesis have also been identified (Zhao et 
al., 2009). Although, their impacts are not as strong as GrrS/GrrA, EnvZ/OmpR and H-NS, these 
mutants produce 2- to 8-fold higher amylovoran level than that of the wild type. These genes 
included hrpX, hrpY, hrpXY, hrpXYS, luxPQ, and eamIR. Our study has indicated a crosstalk 
between T3SS and amylovoran regulation that deletion of the hrp regulatory genes or the whole 
T3SS system causes an increase of amylovoran production (Zhao et al., 2009). It is likely that 
the bacteria have a trade-off to maintain the expression of both virulence factors. LuxPQ and 
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EamIR are two quorum sensing systems that control gene expression by responding to different 
signaling molecules. LuxPQ is well characterized in Vibrio harveyi. The system regulates 
luciferase gene expression by responding to the autoinducer-2 (AI-2), a furanosyl borate diester 
(Miller and Bassler, 2001). On the other hand, EamIR are N-acyl-homoserine lactone (AHL)-
type signal system (Pierson et al., 1998). EamI is an AHL synthase and EamR is a transcriptional 
activator that responds to AHL. A study has reported that EamIR system regulates two important 
traits of E. amylovora including amylovoran production and tolerance to reactive oxygen species 
(Molina et al., 2005).  
 
1.5 Orphan proteins 
The burst of complete bacterial genome sequences has led to fundamental changes in our 
understanding of (micro) biology. It is well known that around 40% of the genes do not have an 
assigned function in any newly sequenced bacterial genome (Bork, 2000). This number is even 
higher for the relatively large bacterial genomes with a complex life style, such as Streptomyces 
sp. (Omura et al., 2001). Some of these genes are species- or genus-specific and comprise a 
relatively small fraction of the uncharacterized genes. They usually have a wider phyletic 
distribution and therefore are usually referred to as ‗conserved hypothetical‘ or orphan proteins 
(Daubin and Ochman, 2004). It has become clear that orphan proteins pose a challenge in our 
understanding of biology in general (Galperin, 2001). Even in the well studied model bacteria E. 
coli, hundreds of uncharacterized orphan proteins greatly hinder our understanding of the 
systems biology (Galperin and Koonin, 2001). Without a thorough understanding of the roles of 
each component, theoretical and experimental models of the biological systems are not feasible. 
Recent discoveries of several conserved hypothetical proteins including tRNA modification 
enzymes (Soma et al., 2003), metabolic enzymes of the cyclic diguanylate in bacterial signaling 
(Jenal, 2004) and bacterial ABC transporters for ammonium uptake (Chen et al., 2010) 
emphasize how much remains to be learned.  
 
1.6 YbjN in E. coli and E. amylovora 
In the family of Enterobacteriacae, around 100 genes encode orphan proteins (Daubin 
and Ochman, 2004). A recent systemic study has shown that most orphan genes in E. coli are 
expressed and their protein products can be purified (Gara et al., 2006). YbjN is one of the 
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enterobacterial specific orphan proteins and its function remains largely unclear. A genetic 
screening has shown that multiple copies of ybjN suppress the temperature sensitivity conferred 
by point mutations in the coaA gene in E. coli ts9 strain (Chen et al., 2006). Similarly, 
temperature-sensitivity caused by other point mutations such as coaA14 (DV51 strain), coaA15 
(DV70 strain) and ilu-1 can also be rescued by multiple copies of ybjN. Based on these 
observations, it has been proposed that YbjN may function as a general stabilizer for some 
unstable proteins. Unfortunately, a genome-wide protein pull-down assay has not been able to 
find any interacting protein for YbjN in E. coli K12 strain (Arifuzzaman et al., 2006).  
It has been reported that expression of ybjN is up-regulated several fold in E. coli under 
various stress conditions (Bore et al., 2007; Hayashi et al., 2003; Keeney et al., 2007). Recent 
studies have also observed the induction of ybjN during bacteria-host interactions. Whole-
genome expression profiling has revealed that ybjN is significantly induced in E. coli growing on 
mucus, conditions similar to human intestine (Chang et al., 2004). ybjN gene is also significantly 
up-regulated in enterohemorrhagic E. coli O157:H7 during human macrophage infection (Poirier 
et al., 2008). In a recent study, an YbjN homolog named AmyR in Erwinia amylovora negatively 
regulates amylovoran production (Zhao et al., 2009), suggesting that YbjN and AmyR may be 
involved in bacteria–host interactions. 
 
1.7 Research objectives 
The objectives of my dissertation research include: 1) to determine the relationship of E. 
amylovora virulence and levels of virulence gene expression (Chapter II); 2) to examine the role 
of the Rcs phosphorelay system in E. amylovora virulence and to identify genes regulated by the 
Rcs phosphorelay system (Chapters III, IV, and V); and 3) to functionally characterize a 
conserved hypothetical protein AmyR and its homolog YbjN in both E. amylovora and E. coli 
(Chapters VI and VII). 
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CHAPTER 2 
 
MOLECULAR SIGNATURE OF DIFFERENTIAL VIRULENCE IN NATURAL 
ISOLATES OF ERWINIA AMYLOVORA     
                                 
Abstract 
Erwinia amylovora, the causal agent of fire blight, is considered to be a genetically 
homogeneous species based on physiological, biochemical, phylogenetic, and genetic analysis. 
However, E. amylovora strains exhibiting differential virulence are isolated from nature. The 
exopolysaccharide amylovoran and type III secretion system (T3SS) are two major yet separate 
virulence factors in E. amylovora. The objective of this study was to investigate whether there is 
a correlation between E. amylovora virulence and levels of virulence gene expression. Four wild-
type strains (Ea1189, Ea273, Ea110, and CFBP1430), widely used in studies of E. amylovora 
pathogenesis, have been analyzed and compared. E. amylovora strains Ea273 and Ea110 elicited 
higher severity of disease symptoms than those of Ea1189 and CFBP1430 on apple cv. Golden 
Delicious and G16 apple root stock plants but not on susceptible Gala plants. In addition, Ea273 
and Ea110 elicited severe hypersensitive responses within shorter periods of time at lower 
inoculum concentrations than those of Ea1189 and CFBP1430 on tobacco plants. Further 
molecular analyses have revealed that amylovoran production and expression of both 
amylovoran (amsG) and T3SS (dspE and hrpL) genes were significantly higher in Ea273 and 
Ea110 than those in Ea1189 and CFBP1430. Other phenotypes such as swarming motility in 
these four strains also differed significantly. These results indicate that E. amylovora strains of 
different origin can be divided into subgroups based on molecular signatures of virulence gene 
expression. Therefore, these molecular signatures may be used to differentiate E. amylovora 
strains, which may have taxonomical and evolutionary implications.  
 
2.1 Introduction 
Fire blight, caused by the gram-negative bacterium Erwinia amylovora, is a destructive 
bacterial disease of apple and pear as well as other rosaceous plants. The disease was first 
observed in 1880 in the Hudson Valley of New York and later spread to New Zealand and across 
North America, Europe, and the Middle East in the past two centuries (Vanneste, 2000). 
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Recently, a similar bacterial shoot blight disease reported in South Korea and Japan, caused by 
Erwinia pyrifoliae, affects only Asian pear (Geider et al., 2009). 
 E. amylovora belongs to the family Enterobacteriaceae and is closely related to many 
important human and animal pathogens such as Escherichia coli, Yersinia pestis, Salmonella 
enterica, and Shigella flexneri. Previous studies have revealed that the exopolysaccharide (EPS) 
amylovoran and type III secretion system (T3SS) are two major virulence factors in Erwinia 
amylovora to cause disease (Bellemann and Geider, 1992; Bogdanove et al., 1998). Moreover, 
the EPS amylovoran is an acidic heteropolymer composed of pentasaccharide repeating units 
(Nimtz et al., 1996) and may function in plugging plant vascular tissues, suppressing plant basal 
defenses, and biofilm formation in planta (Koczan et al., 2009; Sjulin and Beer, 1978). In E. 
amylovora, amylovoran biosynthetic genes are encoded by the ams operon and amsG is the first 
gene of the operon (Bernhard et al., 1993). Expression of the ams operon is regulated by the Rcs 
phosphorelay system in E. amylovora, which is also essential for pathogenicity (Wang et al., 
2009). On the other hand, the hrp T3SS gene cluster is required for E. amylovora to elicit a 
hypersensitive response (HR) in nonhost plants and cause disease in host plants. The master 
regulator of T3SS is HrpL, a member of the ECF subfamily of sigma factors which, in turn, is 
activated by both the HrpS sigma 54 enhancer-binding protein and the HrpXY twocomponent 
system (Wei et al., 2000). HrpL recognizes conserved promoter motifs (hrp boxes) of structural 
genes and those genes whose protein products are secreted via T3SS (Wei and Beer, 2000; Zhao 
et al., 2006). One of the secreted proteins, DspE (disease specific protein), is a functional 
homolog of AvrE in Pseudomonas syringae pv. tomato, and a mutation in dspE renders the 
pathogen nonpathogenic (Bogdanove et al., 1998). It has been proven that DspE is translocated 
into plant cells and induces cell death in apple and nonhost plants (Bocsanczy et al., 2008; 
Boureau et al., 2006). In a recent study, we have demonstrated that a T3SS island deletion 
mutant and an ams operon deletion mutant could complement each other in a coinoculation 
experiment, indicating that these two virulent factors are both necessary to cause disease (Zhao 
et al., 2009).  
E. amylovora is motile in terms of peritrichous flagella (Vanneste, 2000). Motility of E. 
amylovora is dependent on temperature, pH, and other environmental signals. In Escherichia 
coli, the flhDC gene is the master regulator of flagella biosynthesis and swarming motility 
(Francez-charlot et al., 2003). Products of flhDC genes positively regulate secondclass (such as 
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fliA) or third-class (such as fliC) genes for flagella biosynthesis (Lai et al., 2009). Recently, it has 
been confirmed that swarming motility is also required for and enhances the virulence of Erwinia 
amylovora (Bayot et al., 1986; Cesbron et al., 2006).  
Management of fire blight and international trade of apple and pear have been greatly 
hindered due to insufficient knowledge of the pathogen, particularly its genetic diversity and host 
range. It is well known that E. amylovora infects various hosts within the family of Rosaceae, 
including subfamily Maloideae and Amygdaloideae (Mohan and Thomson, 1996). In addition, 
some strains are host specific and can only infect Rubus plants within the subfamily of 
Rosoideae. It has been reported that E. amylovora is a relatively homogeneous group of bacteria 
(Triplet et al., 2006; Vantomme et al., 1982). However, E. amylovora can be differentiated based 
on genetic DNA polymorphisms (Kim et al., 1996; Laby et al., 1992; Lecomte et al., 1997; 
McManus et al., 1995; Momol et al., 1995; Momol et al., 1999; Schwartz et al., 1991; Van der 
Zwet et al., 1993). These studies have consistently divided E. amylovora strains into three major 
groups of different host range (i.e., strains isolated from Maloideae, from Rosoideae [Rubus 
spp.], and from Asian pear [now a new species, E. pyrifoliae]) (Geider et al., 2009). Recently, 
subtractive hybridization analysis has also detected genetic differences among blight-causing 
strains of E. amylovora of different host specificities. However, there are no observed differences 
between strains Ea110 and Ea273, both isolated from apple (Triplett et al., 2006). 
Among strains isolated from Maloideae, differential virulence has also been observed in 
different apple cultivars (Norelli et al., 1984; Norelli et al., 1986). It has been shown that E. 
amylovora strain Ea273 causes higher disease severity on most apple or crabapple genotypes, 
including Holly, and little or no disease on genotypes Quinte and Novole. In contrast, E. 
amylovora strain Ea266 appears to be less virulent on Holly but causes severe disease on cv. 
Quinte, whereas strain E4001A is virulent on all three genotypes. Based on severity of virulence 
on different apple or crabapple genotypes, E. amylovora strains have been classified as highly 
virulent (Ea4001a), moderately virulent (Ea273), and low virulent (Ea321) (Norelli et al., 1984). 
Similar results have been reported for E. amylovora strains isolated from Bulgaria and from both 
Idaho and Pennsylvania in the United States (Thoelen et al., 2008). However, the molecular 
mechanism underlying the differential virulence in natural isolates of E. amylovora remains 
unclear.  
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The goal of this study was to investigate whether there is a relationship between disease 
severity and levels of major virulence gene expression in E. amylovora strains isolated from 
Maloideae plants. Four wild-type (WT) E. amylovora strains (Ea273, Ea110, CFBP1430, and 
Ea1189), widely used in studying pathogenesis of fire blight pathogen, have been analyzed and 
compared.  
 
2.2 Materials and methods 
2.2.1 Bacterial strains and growth conditions 
Bacterial strains and plasmids used in this study are listed in Table 2.1. The LB medium 
is used routinely for culturing E. amylovora. When necessary, ampicillin was added to the 
medium at 100 µg ml
-1
.  Amylovoran production was determined by growing bacteria in MBMA 
medium (3 g KH2PO4, 7 g K2HPO4, 1 g [NH4]2SO4, 2 ml glycerol, 0.5 g citric acid, 0.03 g 
MgSO4) plus 1% sorbitol as described previously (Wang et al., 2009).  
2.2.2 Construction of promoter-GFP fusions for gene expression assays 
For gene expression assays, flanking sequences of the hrpL and dspE ORFs were used to 
design primers to amplify DNA fragments. Primer pairs hrpL1-hrpL2, and dspE1-dspE2 with 
restriction sites were used to amplify 608 and 570 bp DNA fragments from E. amylovora WT 
strain, containing promoter sequences of hrpL, and dspE genes, respectively.  PCR products and 
the promoter trapping vector pFPV25 were both digested with BamHI and EcoRI for hrpL 
promoter and with SmaI for dspE promoter, respectively. The resulting fragments were gel-
purified, ligated together, and cloned to the upstream of promoter-less gfp gene. The final 
plasmids were designated as pW2, pW3 and pW4 for hrpL gene, dspE right direction and 
opposite direction promoter, respectively, and were confirmed by restriction enzyme digestion 
and sequencing. The amsG and flhD-GFP promoter fusion plasmids were constructed as 
previously reported (Zhao et al., 2009). 
2.2.3 Virulence assays on apple plants 
Virulence assays were carried out as described previously (Norelli et al., 1986). Briefly, 
young leaves of 2 to 4 cm of lamina length of Gala, Golden Delicious and G16 root stock plants 
were inoculated with scissors dipped in a pathogen suspension (OD600=0.1). Plants were kept in 
a greenhouse or growth chamber at 25 °C and 16 h light photoperiod. The disease severity was 
evaluated and recorded for up to seven days post inoculation. Progression of necrosis was 
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recorded using an arbitrary scale as described previously (Norelli et al., 1986): 0, no necrosis; 1, 
necrosis limited to the inoculation point; 2, necrosis reaching the midrib; 3, necrosis reaching the 
petiole; 4, necrosis reaching the stem; 5, necrosis on the main shoot. For each inoculated strain, 
the necrosis severity index (NSI) is calculated using the following formula: NSI = 

5
0i
iNi / 5N 
×100, where Ni is the number of leaves with disease severity i; N is the size of the sample.  
2.2.4 Hypersensitive response assays on tobacco leaves 
For E. amylovora Ea1189, Ea273, Ea110 and CFBP1430, bacterial suspensions were 
grown overnight in LB broth, harvested by centrifugation, and resuspended in 0.5 X sterile 
phosphate buffered-saline (PBS) with bacterial cells adjusted to concentrations of 10
6
, 10
7
 and 
10
8 
colony-forming units (CFU/ml) (OD600 = 0.1 and then series diluted 100 times) in PBS. Eight 
week old tobacco leaves were inoculated with bacterial suspensions, and incubated in a 
humidified chamber at 28 °C. HR response was recorded at 6, 12 and 24 hours post-inoculation.  
2.2.5 CPC assay for determining amylovoran concentration 
The amylovoran concentration in supernatants of bacterial cultures was quantitatively 
determined by a turbidity assay with cetylpyrimidinium chloride (CPC), as previously described 
(Wang et al., 2009). Briefly, bacterial suspensions were grown overnight in LB broth w/o 
appropriate antibiotics, harvested by centrifugation, and washed with PBS three times. After the 
final wash, the bacterial pellet was resuspended in 200 µl PBS. A total of 100 µl of bacterial 
suspension was inoculated into 10 ml MBMA medium with 1% sorbitol. Bacterial cells were 
pelleted two to three days after inoculation at 28°C with shaking. Following centrifugation, 50 µl 
CPC at 50 mg ml
-1
 was added to one ml of supernatant. After 10 min of incubation at room 
temperature, the amylovoran concentration was determined by measuring OD600 turbidity. The 
final concentration of amylovoran production was normalized for a cell density of 1.0.  For each 
strain tested, the experiment was repeated at least three times.  
2.2.6 Swarming motility assay 
Bacteria suspensions were grown overnight in LB broth, harvested by centrifugation, 
washed with PBS once, and resuspended in 200 µl PBS. Then, bacterial suspensions were diluted 
10 X in water, and 5 µl of the diluted bacterial suspension was plated onto the center of 
swarming agar plates (10 g tryptone, 5 g NaCl, 3 g agar per l liter) as previously described (Zhao 
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et al., 2009). Swarming diameters were determined following incubation at 28°C for up to three 
days. The experiments were repeated at least three times.  
2.2.7 GFP reporter gene assay by flow cytometry 
The BD FACSCanto flow cytometer was used to monitor the GFP intensity of WT strains 
containing the corresponding promoter-GFP construct (Wang et al., 2009). For in vitro amsG 
gene expression, strains containing the amsG promoter-GFP fusion plasmid were grown in LB 
overnight, harvested, and resuspended in water. Bacterial suspensions were re-inoculated in 
MBMA broth with 1% sorbitol and grown at 28°C with shaking for up to three days.  Bacterial 
cultures were then harvested by centrifugation, washed once with PBS, and then resuspended in 
PBS for flow cytometry assay. For in vivo gene expression assay, bacterial strains harboring 
amsG, hrpL and dspE promoters were inoculated onto immature pear fruits as described 
previously (Zhao et al., 2009), and then bacterial suspensions were directly added to the surface. 
After incubation at 26°C for up to two days, bacterial cells were collected by either washing or 
centrifugation, washed twice with PBS, and then resuspended in PBS for flow cytometry assay.   
For flhDC gene expression, WT strains containing the flhDC promoter GFP fusion 
plasmid were grown on swarming plates as described above.  Following incubation for two days 
at 28°C, bacterial cells were collected, washed, and resuspended in PBS for flow cytometry 
assay. Flow cytometry was performed on a BD LSRII 10 parameter multilaser analyzers (BD 
Bioscience, San Jose, CA). For all cases, data were collected for a total of 100,000 events and 
statistically analyzed by gating using flow cytometry software FCS Express V3 (De Novo 
Software, LA, CA). A geometric mean was calculated for each sample. Each treatment was 
performed in triplicate and each experiment was repeated three times. 
 
2.3 Results 
2.3.1 E. amylovora WT strains induced different degrees of disease severity on apple plants  
Disease severity caused by different WT strains was evaluated on highly susceptible 
apple plant Gala, moderately resistant Golden Delicious and highly resistant G16 root stock 
plants. Necrosis severity index (NSI) values were used to quantitatively differentiate different 
degrees of disease severity on apple plants as described previously (Norelli et al., 1986). On 
Gala, symptoms caused by wild type strains appeared 2 days post infection and quickly spread 
throughout the leaf and into the petioles, and finally into the main branch. Ooze production 
18 
 
appeared on the petioles three days after inoculation. The NSI on Gala at 7 days post inoculation 
was 90.2, 84.2, 90.8 and 86.0 for strains Ea1189, Ea273, Ea110 and CFBP1430, respectively 
(Table 2.2). On Gold Delicious, symptoms caused by Ea273 and Ea110 appeared two days post 
inoculation and necrosis progressed through the midrib, the lateral vein and the lamina, 
eventually covering the leaf and getting into the stem after a week. Droplets of ooze production 
were also observed on the stem near the infected leaves. In contrast, symptoms caused by 
Ea1189 and CFBP1430 were visible four days after infection and the disease symptoms did not 
spread throughout the leaf a week post inoculation. The NSI values for Ea273 and Ea110 at 7 
days post inoculation were 80.2 and 75.9, respectively; whereas the NSI values were 21.2 and 
35.8 for Ea1189 and CFBP1430, respectively (Table 2.2). On G16 root stock plants, Ea273 and 
Ea110 caused necrosis on the leaves four days after inoculation and bacteria moved to the nearby 
petiole seven days post inoculation. However, most leaves infected by Ea1189 and CFBP1430 
showed necrosis around the cutting area and disease symptoms spread to the midrib for only a 
few leaves. The NSI values for Ea273 and Ea110 at 7 days post inoculation were 56.5 and 54, 
respectively; whereas NSI values were 10.4 and 20.2 for Ea1189 and CFBP1430, respectively.  
2.3.2 E. amylovora WT strains produced different amount of amylovoran and amylovoran 
gene expression were also significantly different 
E. amylovora utilizes two major virulence factors (amylovoran and T3SS) to cause 
disease. First, amylovoran production in these four strains was compared. When different WT 
strains were grown on LB plate, different mucoid phenotypes were observed (Fig. 2.1A), 
indicating that these strains may produce different amount of exopolysaccharide. Colonies of 
Ea273 and Ea110 strains were much mucoid than those of Ea1189 and CFBP1430 strains (Fig. 
2.1A). Next, amylovoran production in the supernatant of bacterial cultures was quantitatively 
determined using a turbidity assay with cetylpyrimidinium chloride (CPC), as previously 
described (Wang et al., 2009). Four WT strains exhibited varying levels of amylovoran 
production in vitro (Fig. 2.1B). As shown in Fig. 2.1B, the OD600 value representing amylovoran 
production was 0.1 and 0.28 for Ea1189 and CFBP1430 48 h after inoculation, and 1.83 and 1.59 
for Ea273 and Ea110, respectively. These results indicate that Ea273 and Ea110 produced more 
amylovoran than those of Ea1189 and CFBP1430.  
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In order to correlate amylovoran production with amylovoran biosynthesis gene 
expression, the promoter of the amsG gene, the first gene in the amylovoran operon, was cloned 
in a promoterless GFP reporter vector and the amsG promoter-GFP fusion plasmid was 
introduced into four WT strains (Wang et al., 2009). The GFP intensity was measured by flow 
cytometry in WT strains 48 h post inoculation in liquid medium. As shown in Table 3.3, the 
amsG gene was expressed at a GFP intensity value of 1.70 and 2.25 (geometric mean) for 
Ea1189 and CFBP1430, respectively; compared to a geometric mean value of 1.50 for the vector 
control. The geometric mean value of the GFP intensity of the amsG promoter was 40.55 and 
10.67 for Ea273 and Ea110, respectively. In addition, amsG gene expression was also 
determined for the four strains containing the plasmid after inoculated onto immature pear fruits. 
As shown in Fig. 2.1C and Table 2.3, the amsG gene expression for the four WT strains was all 
up-regulated in immature pear fruit compared to that in the liquid medium. The amsG was 
expressed at a GFP intensity value of 3.95, 11.85, 103.23, and 21.88 (geometric mean) for 
Ea1189, CFBP1430, Ea273 and Ea110, respectively. These results indicate that expression levels 
of the amsG gene were significantly different in the four WT strains, and were correlated with 
amylovoran production. In addition, these results also demonstrated that the amsG gene was 
induced more than 2-fold in planta as reported previously (Zhao et al., 2006). 
2.3.3 E. amylovora WT strains showed different HR-eliciting ability on tobacco  
E. amylovora utilizes T3SS to secret effectors into non-host plants to induce HR response 
and cause disease in host plants. In order to compare HR-eliciting ability of different E. 
amylovora WT strains, an HR assay on tobacco plants was conducted. Bacterial strains at 
different concentration were infiltrated into tobacco leaves using syringe without needle, and HR 
responses were recorded at 6, 12 and 24 h post infiltration. As shown in Fig. 2.2, four strains 
showed varying degrees of HR-inducing ability. At low concentration of inoculum (10
6
 
CFU/ml), only Ea273 and Ea110 induced visible HR at 24 h post inoculation (Fig. 2.2). At 
intermediate concentration of inoculum (10
7
 CFU/ml), Ea273 and Ea110 induced visible HR at 6 
h post inoculation and HR response become severe at 24 h post inoculation. At high inoculum 
concentration (10
8
 CFU/ml), Ea273 and Ea110 induced very strong HR even at 6 h post 
inoculation. On the other hand, Ea1189 and CFBP1430 elicited no HR at 10
6
 CFU/ml; very weak 
HR at 10
7
 CFU/ml 24h post inoculation and visible HR at 10
8
 CFU/ml 6 h post inoculation, with 
HR response become severe at 24 h (Fig. 2.2). These results indicate that different E. amylovora 
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WT strains had different ability in inducing HR response on tobacco, suggesting that secretion 
and translocation of Harpins differs greatly in these strains.                   
2.3.4 E. amylovora WT strains exhibited different swarming motility phenotype 
Swarming motility was assessed for WT strains by inoculating bacterial cells on a 
swarming plate (0.3% agar) and measuring the diameter of the circle covered by the bacterial 
cells at 24, 48, and 72 h after incubation (Zhao et al., 2009). As shown in Fig. 3.3A, a regular 
circle swarming motility was observed for Ea1189, Ea273, Ea110 and CFBP1430 at 24 h. The 
diameters for Ea1189, CFBP1430, Ea273 and Ea110 were about 1.1, 1.08, 1.32 and 1.35 cm, 
respectively, from an original spot of 0.6 cm (Fig. 2.3B). After 72 h following inoculation, 
Ea1189 still showed regular circle swarming motility and diameter was about 5.7 cm. 
Interestingly, Ea273, Ea110 and CFBP1430 exhibited different swarming patterns compared to 
Ea1189. Ea273 demonstrated a sunflower-like motility and swarming diameter was about 8.6 
cm, reaching almost the whole plate (Fig. 2.3B). Ea110 and CFBP1430 showed irregular 
swarming motility and diameters were about 7.3 and 4.6 cm, respectively (Fig. 2.3B). These 
results indicated that the four strains exhibited different swarming motility phenotype. 
In order to correlate swarming motility with flhD gene expression, a flhD promoter-GFP 
fusion plasmid was introduced into the WT strains (Zhao et al., 2009). The GFP intensity values 
of the flhD promoter in Ea1189, Ea273, Ea110, and CFBP1430 were about 2.88, 287.73, 14.36 
and 10.17 at 24 h (Table 2.3). These results indicated that swarming motility of Ea1189, Ea273, 
Ea110 and CFBP1430 correlated with the flhD gene expression, the master regulator of flagella 
biosynthesis. 
 
2.4 Discussion 
Early studies of the fire blight pathogen E. amylovora have revealed that two virulence 
factors, T3SS and amylovoran, are strictly required for inciting disease on host plants (Oh and 
Beer, 2005; Wei et al., 1992). In this study, differential virulence exists in natural isolates of E. 
amylovora within the group of Moloideae strains (mainly Malus spp.). Moreover, a positive 
correlation between bacterial virulence on relatively resistant genotypes, such as Golden 
Delicious, and the expression or production of major virulence factors such as HrpL, DspE, and 
amylovoran in E. amylovora WT strains has been demonstrated. These results indicated that, 
although E. amylovora as a whole is a genetically homogeneous pathogen, the pathogen among 
21 
 
Maloideae strains may adapt to different hosts, thus maintaining a population capable of eliciting 
different levels of diseases on different host plants of varying levels of resistance.  
In a previous study, we showed that E. amylovora WT strains (Ea1189, Ea110, and 
CFBP1430) have similar bacteria growth and cause similar diseases on immature pear fruit 
(Zhao et al., 2005). However, significant differences in the disease development and severity 
have been observed for the four WT strains on moderate and highly resistant apple genotypes. 
This low expression of virulence factors in strains Ea1189 and CFBP1430 is likely to be 
sufficient for the pathogen to cause disease on immature pear fruit and susceptible apple 
genotypes such as Gala. Perhaps, it is also likely that these strains are virulent enough to cause 
disease on susceptible plant genotypes. In another experiment, similar amounts of ooze 
production (amylovoran) of the four WT strains have been observed on immature pear fruit (data 
not shown). This indicates that different strains of WT may synthesize similar amounts of 
amylovoran in immature pear fruit, although amsG gene expression is different in these strains 
both in planta and in vitro.  
It has previously reported that different plant genotypes react differently with different 
strains of the fire blight pathogen (Norelli et al., 1984). Our results further indicate that E. 
amylovora may have evolved to adapt to different host plants by changing its level of virulence 
gene expression or its ability to cause disease. We would argue that plant bacterial pathogens do 
not intend to kill their host plants in order to survive but still need sufficient weapons to conquer 
their host plants to acquire nutrients. A similar observation has been reported for survival of 
Ralstonia solanacearum in soil and in the plant host by changing its phenotype (phenotype 
conversion through the phcA gene) (Schell, 2000). Our results suggest that bacterial strains 
isolated from different apple genotypes of varying levels of resistance may have different 
capabilities to cause disease. Thus, only strains with sufficient virulence can survive during their 
interaction with host plants. We cannot trace back these four bacterial strains to their original 
plant host genotypes, and the number of samples used in this study is limited; therefore, further 
studies are warranted to explore this hypothesis.  
The key question remains as to why these strains have different levels of virulence by 
expressing different levels of virulence genes. In other words, what is the molecular mechanism 
underlying these differences? Genetic studies have revealed that, in E. amylovora, a network of 
genes may control expression of various virulence genes, including global regulators such as the 
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histone like nucleoid-structuring protein H-NS, and the two-component systems GrrA/GrrS and 
EnvZ/OmpR (Hildebrand et al., 2006; Zhao et al., 2009). Previous studies have indicated that 
amylovoran production in hns, grrA, grrS, envZ, and ompR mutants of Ea1189 is similar to that 
of Ea273 and Ea110 WT strains (Zhao et al., 2009). Similar results have also been obtained for 
hrpL and dspE gene expression in ompR/grrA mutants (Zhao et al., unpublished data). However, 
these regulatory genes remain intact in Ea273 and Ea110 strains. Other phenotypes, such as 
swarming motility, remain quite different between Ea1189 mutants and those of Ea273 and 
Ea110 WT strains. In addition, it is well known that GrrSA positively controls the expression of 
one to five genes specifying small RNAs (sRNAs), thus upregulating the production of proteins 
that are otherwise repressed by sRNAs (RsmA/CsrA). These results suggest that differences 
among the four WT strains cannot be simply explained by one or a few regulatory genes. It is 
tempting to speculate that genes or sRNAs regulated by either these global regulators or host 
factors sensed by these regulators may contribute to these differences because host–pathogen 
interaction is a two-way system. Furthermore, we cannot exclude the possibility that complement 
of effectors may also contribute to the differential virulence of the WT strains.  
Swarming is a form of social motility that shares many similarities with biofilm 
communities that are notable for their high resistance to antimicrobial agents (Fraser and 
Hughes, 1999). Recent studies have demonstrated that swarming motility also leads to increased 
production of virulence factors such as genes encoding for EPS and T3SS and its effectors (Lai 
et al., 2009; McGhee and Sundin, 2008). In E. amylovora, swarming motility appears to aid in its 
invasion of apple blossoms and enhances virulence of WT strains on apple seedlings (Bayot and 
Ries, 1986; Cesbron et al., 2006). In this study, swarming motility appears to be correlated with 
virulence of WT strains on resistant apple genotypes.  
In summary, our findings support the hypothesis that virulence of E. amylovora cannot be 
simply explained by levels of virulence gene expression. There are specific interactions that may 
take place between apple genotypes and strains of E. amylovora. Our future work will focus on 
identifying genetic determinants responsible for controlling the observed differential virulence 
and virulence gene expression in these WT strains. 
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TABLES 
 
Table 2.1 Bacterial strains, plasmids, and primers used in this study 
Strains, plasmids or 
primers 
Relevant characters or sequences (5‘—3‘)a Reference or source 
E. amylovora strains 
       Ea1189 
 
Wild type, isolated from apple, Germany 
  
Burse et al., 2004 
       Ea273 Wild type, isolated from apple, New York, 
USA 
Boureau et al., 
2006 
       Ea110 Wild type, isolated from apple, Michigan, USA McGhee et al., 
2008 
       CFBP1430 Wild type, isolated from Crataegus, France Fraser and Hughes, 
1999 
E. coli  
DH10B 
F
-
 mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 endA1 ara∆139 
∆(ara, leu)7697 galU galK λ - rpsL (StrR) nupG 
Invitrogen 
 
Plasmids 
     pFPV25 
Ap
R
, GFP based promoter trap vector 
containing a promoter-less gfpmut3a gene 
Wang et al., 2009 
     pWDP4 721 bp KpnI-XbaI DNA fragment containing 
promoter sequence of amsG gene in pFPV25 
Wang et al., 2009 
     pSN1 906 bp EcoRI-BamHI DNA fragment 
containing promoter sequence of flhD gene in 
pFPV25 
Wang et al., 2009 
     pZW2 608 bp EcoRI-BamHI DNA fragment 
containing promoter sequence of hrpL gene in 
pFPV25 
This study 
     pZW3 570 SmaI DNA fragment containing promoter 
sequence of dspE gene in pFPV25 in forward 
direction 
This study 
Primers
b
   
hrpL1 CGGGGTACCTCCTCCATTGAGTCCTCCAG (KpnI) 
hrpL2 CTAGTCTAGACCAGGTCATTTGCTCCAGAT (XbaI) 
dspE1 TCCCCCGGGCAGTGAGGGGGGGCAGACTTTTTTTTAACC 
(SmaI) 
dspE2 TCCCCCGGGTATCTTCGCCGCTGCCACCTTTCACCATTG 
(SmaI) 
a 
Ap
R
 = ampicillin resistance. 
b 
Underlined nucleotides are restriction sites added and the restriction enzymes are indicated at 
the end of primer. 
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Table 2.2 Disease severity of WT strains on apple plants with different resistant levels 
a 
Mean severity index (from 15 inoculated leaves/shoots) ± standard deviation seven days post 
inoculation. 
 
Table 2.3 GFP fluorescence intensity in WT strains containing amsG, hrpL, dspE and flhD 
promoter-GFP fusion plasmid 
Bacterial strains GFP intensity in vitro 
(Geometric mean ± standard 
deviation)
a
 
GFP intensity in vivo 
(Geometric Mean ± standard 
deviation)
b
 
Ea1189 (pWDP4)   1.70 ± 0.09     3.95 ± 0.12 
Ea273 (pWDP4) 40.55 ± 0.02 103.23 ± 0.02 
Ea110 (pWDP4) 10.67 ± 0.05   21.88 ±1.15 
CFBP1430 (pWDP4)    2.25 ± 0.04   11.85 ± 0.05 
Ea1189 (pZW2)                      ND     2.64 ± 0.04 
Ea273 (pZW2) ND                         9.89 ± 0.14 
Ea110 (pZW2) ND                         5.43 ± 0.09 
CFBP1430 (pZW2) ND                         4.07 ± 0.17 
Ea1189  (pZW3) ND                         2.02 ± 0.04 
Ea273 (pZW3) ND                       15.11 ± 0.81 
Ea110 (pZW3) ND                       11.27 ± 0.24 
CFBP1430 (pZW3) ND                         6.55 ± 0.30 
Ea1189 (pSN1)   2.88 ± 0.13 ND 
Ea273 (pSN1)            287.73 ± 10.02 ND 
Ea110 (pSN1) 14.36 ± 0.95 ND 
CFBP1430 (pSN1) 10.17 ± 1.17 ND 
 a
 ND: not determined. in vitro means bacteria were grown in MBMA medium or on swarming 
plates.  
b
 ND: not determined. in vivo means bacteria were inoculated onto immature pear fruits. 
Bacterial strains 
 
NSI ± SD
a 
(Gala) 
NSI ± SD
a 
(Golden Delicious) 
NSI ± SD
a 
(G16) 
Ea1189 92.0 ±  7.3 21.2 ±  8.7 10.4 ±  2.0 
Ea273 84.2 ±  5.1  80.2 ± 11.9   56.5 ±  10.9 
Ea110 90.8 ±  5.2 75.9 ±  8.8 54.0 ±  1.0 
CFBP1430 86.0 ±  5.7 35.8 ±  9.8   20.2 ±  10.2 
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FIGURES 
Figure 2.1 Amylovoran production and amsG expression in WT strains 
 
 
 
 
 
 
 
 
 
 
 
  
A. Growth of wild-type (WT) strains on Luria-Bertani plates 24 h postinoculation, showing the 
mucoid phenotype of Ea273 and Ea110. B. Amylovoran production of WT strains in vitro. 
Bacterial strains were grown in MBMA media with 1% sorbitol for 48 h at 28°C with shaking. 
The amount of amylovoran was measured with the cetylpyrimidinium chloride assay and 
normalized to a cell density of 1. C. The amsG gene expression in WT strains in vitro. Green 
fluorescent protein (GFP) intensity in WT strains containing the amsG promoter-GFP fusion 
plasmid was measured by flow cytometry.  
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Figure 2.2 Hypersensitive response (HR) assay on tobacco leaves 
 
 
 
 
 
 
 
 
 
 
 
 
Eight-week-old tobacco leaves were infiltrated with different wild-type strains at the 
concentration of 1 × 106, 1 × 107, and 1 × 108. HR was recorded 6, 12, and 24 h postinoculation. 
1: Ea1189: 2: CFBP1430; 3: Ea110; 4: Ea273. 
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Figure 2.3 Swarming motility assay 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Comparison of motility on swarming plates for different wild-type (WT) strains. Bacterial 
strains were spotted at the center of the swarming plate (0.3% agar) and incubated at 28°C. 
Pictures were taken at 24, 48, and 72 h postinoculation. B. Comparison of the swarming distance 
of WT strains. The diameters of the swarming circle were measured at 24, 48, and 72 h 
postinoculation. For irregular movement, we measured the longest point. Data points represent 
means of three replicates ± standard deviations. Similar results were obtained in three 
independent experiments. 1: Ea1189, 2: Ea273, 3: Ea110, 4: CFBP1430. 
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CHAPTER 3 
 
 THE RCS PHOSPHORELAY SYSTEM IS ESSENTIAL FOR BACTERIAL 
VIRULENCE IN ERWINIA AMYLOVORA 
 
Abstract 
The Rcs phosphorelay system (RcsCDB) is a modified two-component signal 
transduction system (TCST) found exclusively in Enterobacteriaceae. In this study, we 
characterized the roles of the Rcs system in Erwinia amylovora. Our results showed that rcsB, 
rcsC, rcsD, and rcsBD mutants were non-pathogenic on immature pear fruit. Bacterial growth of 
these mutants was also greatly reduced compared to that of the wild type (WT) strain in 
immature pear fruit. In an in vitro amylovoran assay, rcsB and rcsD mutants were deficient in 
amylovoran production; whereas, rcsC mutant exhibited higher amylovoran production than that 
of WT. Consistent with amylovoran production, gene expression of the amylovoran biosynthetic 
gene amsG, using GFP as a reporter, was not detectable in rcsB, rcsD, and rcsBD mutants both 
in vitro and in vivo. Expression of amsG in vitro was higher in the rcsC mutant than that in WT; 
while, its expression in vivo was higher in WT than that in the rcsC mutant. In addition, rcs 
mutants were more susceptible to polymyxin B treatment than WT, suggesting that the Rcs 
system confers resistance to polymyxin B.  Furthermore, rcs mutants showed irregular and 
reduced swarming motility on swarming plates. These results indicate that the Rcs system is a 
pathogenicity factor and plays a major role in the survival of E. amylovora.    
 
3.1 Introduction 
Fire blight, caused by the gram-negative bacterium Erwinia amylovora, is one of the 
most devastating bacterial diseases worldwide. E. amylovora is capable of infecting blossoms, 
fruits, vegetative shoots, woody tissues, and rootstock crowns leading to blossom blight, shoot 
blight, and rootstock blight symptoms (Vanneste, 2000). E. amylovora is a member of the 
Enterobacteriaceae which includes many important human and animal pathogens such as 
Escherichia coli, Yersinia pestis, Salmonella enterica, and Shigella flexneri. Like many other 
plant pathogenic bacteria, E. amylovora utilizes the capsular exopolysaccharide (EPS) to cause 
disease (Bellemann and Geider, 1992). In E. amylovora, the EPS amylovoran is an acidic 
heteropolymer composed of a pentasaccharide repeating unit containing four galactose residues 
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and one glucuronic acid molecule (Nimtz et al., 1996). Although previous studies have 
established that amylovoran production is required for the pathogen to cause disease, the precise 
role of amylovoran in the disease process remains unclear although a number of functions have 
been suggested. These functions include plugging plant vascular tissues, masking cell surface 
components to elude plant defenses, and retaining water and nutrients (Sjulin and Beer, 1978; 
Vanneste, 2000).  
In prokaryotes, two-component signal transduction system (TCST) is a major regulatory 
system that utilizes phosphorylation as a means for signal transduction (Parkinson and Kofoid, 
1992; Hoch and Silhavy, 1995). Generally, a typical TCST is composed of a cognate pair of 
proteins, a membrane-bound histidine kinase (HK) sensor and a cytoplasmic response regulator 
(RR). TCST systems play critical roles in sensing and responding to environmental conditions to 
regulate a wide array of cellular pathways and especially in bacterial pathogenesis (Flamez et al., 
2007; Hoch and Silhavy, 1995). The Rcs phosphorelay system, first identified for its role in 
transcriptional regulation of genes for capsular polysaccharide biosynthesis in E. coli, is a very 
complex and well-studied TCST (Majdalani and Gottesman, 2005, 2007). The gene organization 
of the Rcs system is conserved among enterobacteria in which the rcsBD operon is transcribed in 
one direction; while, the rcsC gene is transcribed in the opposite direction (Takeda et al., 2001). 
One unique feature of the Rcs system is that it is composed of three separate proteins.  The RcsC 
protein is a hybrid sensor kinase that contains a conserved histidine kinase domain (HisKA) and 
a receiver domain (REC) (Rogov et al., 2006).  RcsB is the response regulator and contains a 
conserved REC (Francez-Charlot et al., 2003). Besides RcsC and RcsB, a third protein RcsD 
(also known as YojN), containing a histidine phosphotransfer (HPt) domain, but lacking a 
conserved histidine residue in the HisKA domain, is also involved in the Rcs phosphorelay 
process (Huang et al., 2006; Takeda et al., 2001). It has been proposed that, upon stimulation, 
RcsC transfers a phosphoryl group from its HisKA domain to its REC domain and then to the 
HPT domain of RcsD. The phosphoryl group from RcsD travels to the aspartate group of RcsB, 
and the phosphorylated RcsB further regulates expression of downstream genes such as colanic 
polysaccharide synthesis (cps) genes (Huang et al., 2006; Majdalami and Goottesman, 2005; 
Takeda et al., 2001).  
In E. coli, the Rcs phosphorelay system positively regulates cps gene expression 
(Jayaratne et al., 1993; Stevenson et al., 1996, Stout and Gottesman, 1990). The colanic acid 
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capsule is produced primarily at low temperature in E. coli, indicating that the colanic acid 
capsule does not contribute to virulence in E. coli during infection of animal and human (Allen et 
al., 1987; Russo et al., 1995). Other studies also report that the Rcs system negatively regulates 
the flhDC operon (Wang et al., 2007), the products of which in turn positively act as the master 
regulator for flagella biosynthesis (Fraser and Hughes, 1999). Mutations in the Rcs system 
render the pathogen hypermotile (Francez-Charlot et al., 2003). Recently, DNA microarray 
analysis of the rcsC mutant has revealed that more than 150 genes are controlled by rcsC; among 
them, 50% of genes encode proteins either localized to the envelope of E. coli or with activities 
affecting properties of the bacterial surface (Ferrieres and Clarke, 2003).   
  Although the Rcs phosphorelay system does not contribute to virulence in E. coli, it 
indeed plays a major role in regulating virulence gene expression in other plant and animal 
pathogens. In the animal pathogen Salmonella enterica, the Type I capsule, which plays an 
important role in pathogenesis, is synthesized by genes similar to colanic acid genes of E. coli, 
and these genes are regulated by the Rcs system (Detweiler et al., 2003; Whitfield and Roberts, 
1999). Mutants of rcsC, rcsB, and rcsD in Salmonella enterica and Yersinia pseudotuberculosis 
poorly colonize host tissues (Hinchliffe et al., 2008; Mouslim et al., 2004). In addition, the Rcs 
phosphorelay system has been shown to be important for stress resistance in vitro, especially for 
resistance to the cationic peptide polymyxin B in Salmonella enteric and resistance to bile in 
Yersinia pseudotuberculosis ( Erickson and Detweiler, 2006; Hinchliffe et al., 2008). In the plant 
pathogen Erwinia (Pectobacterium) carotovora pv. carotovora (Ecc), the causal agent of the 
soft-rot disease, the Rcs phosphorelay system negatively modulates the expression of plant cell-
wall degrading enzymes (PCWDEs) (Andresen et al., 2007). Expression of PCWDEs is clearly 
elevated in rcs mutants compared to that of wild type.  
In E. amylovora, the capsule polysaccharide biosynthesis is also regulated by the Rcs 
system (Bernhard et al., 1993; Wehland et al., 1999). In E. amylovora, amylovoran biosynthetic 
genes are encoded by the ams operon, which is approximately 15.8 kb in length and contains 12 
open reading frames (ORFs), including amsA to amsL. Previous studies have shown that 
amylovoran biosynthesis is strongly affected by rcsA (Bernhard et al., 1990; Coleman et al., 
1990) and rcsB (Bereswill and Geider, 1997; Kelm et al., 1997). RcsB is a typical LuxR family 
response regulator with helix-turn-helix motif in its C-terminal DNA binding domain (Francez-
Charlot et al., 2003). On the other hand, RcsA is similar to RcsB but without the conserved 
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aspartate residue in its N-terminal receiver domain (Bernhard et al., 1990). Genetic studies have 
shown that mutation in rcsB renders the pathogen nonpathogenic on immature pears and apple 
seedlings, and abolishes amylovoran production, whereas the rcsA mutant has reduced virulence 
but still produces about 10% of amylovoran (Bereswill and Geider, 1997; Bernhard et al., 1990). 
Further studies showed that both RcsA and RcsB bind to an ―RcsAB box‖ (TaAGaatatTCctA) in 
the promoter of amsG and other genes (Wehland et al., 1999). However, the roles of RcsC and 
RcsD in amylovoran biosynthesis and in bacterial virulence have not been studied.  
The overall goal of this study was to determine the potential roles of the Rcs 
phosphorelay system in E. amylovora pathogenesis and survival. In this study, we first 
investigated the function of the Rcs phosphorelay system in the pathogenesis of E. amylovora. 
Our results showed that rcsB, rcsC, rcsD and rcsBD mutants were unable to grow and cause 
disease in immature pear tissue. In an in vitro assay, both RcsB and RcsD positively regulated 
production of amylovoran; whereas, RcsC acted as a negative regulator of amylovoran 
production. Consistent with amylovoran production, in vitro gene expression results, using amsG 
promoter-GFP fusion as a reporter, demonstrated that amsG gene was not expressed in rcsB, 
rcsD, and rcsBD mutants, but was highly expressed in rcsC mutant. Moreover, we found that the 
master regulator of flagella biosynthesis flhDC gene was up-regulated in all rcs mutants as 
previously reported in other enterobacteria (Andresen et al., 2007; Francez-Charlot et al., 2003; 
Hinchliffe et al., 2008). However, rcs mutants showed irregular and partially reduced swarming 
motility phenotype on swarming plates as compared to wild type (WT). Our results also showed 
that the Rcs phosphorelay system conferred resistance to polymyxin B in E. amylovora. 
Altogether, these findings indicated that the Rcs phosphorelay system played a major role in the 
pathogenicity and survival of E. amylovora.  
 
3.2 Materials and methods 
3.2.1 Bacterial strains and growth conditions 
Bacterial strains and plasmids used in this study are listed in Table 3.1. The LB medium 
is used routinely for culturing E. amylovora. When necessary, the following antibiotics were 
added to the medium: 50 µg ml
-1 
kanamycin and 100 µg ml
-1 
ampicillin.  Amylovoran production 
was determined by growing bacteria in MBMA medium (3 g KH2PO4, 7 g K2HPO4, 1 g 
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[NH4]2SO4, 2 ml glycerol, 0.5 g citric acid, 0.03 g MgSO4) plus 1% sorbitol (Bellemann et al., 
1994).  
3.2.2 DNA manipulation and sequence analysis 
Plasmid DNA purification, PCR amplification of genes, isolation of fragments from 
agarose gels, cloning and restriction enzyme digestion, T4 DNA ligation, and Southern 
hybridization were performed using standard molecular procedures (Sambrook et al., 1989). 
DNA sequencing was performed at the Keck Center for Functional and Comparative Genomics 
at University of Illinois, Urbana-Champaign. Sequence management and contig assembly were 
conducted using Sequencher 4.7 software. Database searches were conducted using the BLAST 
programs at NCBI (www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1997).  
3.2.3 Construction of E. amylovora mutants by Red Cloning  
E. amylovora stable mutants were generated by using the λ phage recombinases as 
previously described (Datsenko and Wanner, 2000; Zhao et al., 2006). Briefly, E. amylovora 
Ea1189 was transformed with plasmid pKD46 expressing recombinases redα, β, and γ. The 
transformant Ea1189 (pKD46) was grown overnight at 28°C, reinoculated in LB broth 
containing 0.1% arabinose, and grown to exponential phase OD600= 0.8. Cells were collected, 
made electrocomponent, and stored at –80°C. Recombination fragments consisting of a kmR 
gene with its own promoter, flanked by a 50-nucleotide (nt) homology arm, were generated by 
PCR using plasmid pKD13 as a template. For generating the rcsB, rcsC, rcsD, and rcsBD 
mutants, the primer pairs B3205F-R, B3207F-R, B3206F-R, and B3205F-B3206R were used to 
amplify km
R
 gene fragments from pKD13 vector. To confirm rcsB, rcsC, rcsD, and rcsBD 
mutants by PCR, primers Z3205F, Z3206R, Z3207F-R, and internal primer pairs km1 and km2 
of the km
R
 gene, were used. For primers used for generating rcs mutants, the 5′ end of each 
primer contained 50-nt homolog arms corresponding to the first and last 50 bases of the 
corresponding gene(s), whereas the remaining 21 or 24 nt of each primer at the 3′ end were 
designed to amplify the km
R
 cassette from pKD13. PCR products were gel-purified using a gel 
purification kit from Promega.  
Electroporation was done according to standard protocols, and transformants were plated 
on LB with ampicillin and km. For the resulting mutants, the majority of the coding region of 
each gene was replaced by the km
R
 marker, except for the first and last 50 nt. The rcsB, rcsC, 
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rcsD and rcsBD mutants were designated as Z3205ΔrcsB, Z3207ΔrcsC, Z3206ΔrcsD, and 
Z3205-06ΔrcsBD, respectively.  
3.2.4 Cloning rcs genes for complementation of the rcs mutants 
For complementation of the rcs mutants, the flanking sequences of the rcsBD operon and 
rcsC ORF were used to design primers to amplify fragments of the gene/ or operon and their 
promoter sequences. Primer pairs rcsBD1-rcsBD2, without restriction sites and rcsC1-rcsC2, 
were used to amplify 4.54 kb and 3.88 kb DNA fragments from E. amylovora WT strain which 
contains upstream and downstream sequences of the rcsBD operon and the rcsC gene, 
respectively. The two PCR fragments were cloned into pGEM T-easy vector through A-T 
ligation.  The final plasmids were designated pWDP1 and pWDP2, respectively.  
The rcsBD operon was also cloned into a low-copy number vector pWSK29. Primer pair 
rcsBD1-rcsBD2 containing EcoRI and BamHI restriction site were used to amplify the rcsBD 
operon and its flanking sequences. Following amplification, DNA fragments and the vector were 
both digested by EcoRI and BamHI and ligated together. The final plasmid was designated as 
pWDP3. All plasmids were introduced into E. amylovora strain by electroporation. 
Transformants were selected on LB plates supplemented with Km and Ap. Their genotypes were 
confirmed by both enzymatic digestion and sequencing. 
3.2.5 Construction of promoter-GFP fusions for gene expression assays 
For gene expression assays, flanking sequences of the amsG and flhD ORFs were used to 
design primers to amplify DNA fragments. Primer pairs amsG1-amsG2 and flhD1-flhD2 with 
restriction sites were used to amplify 721 bp and 906 bp DNA fragments from E. amylovora WT 
strain, containing promoter sequences of amsG and flhD genes, respectively. PCR products and 
the promoter trapping vector pFPV25 were both digested with BamH1 and EcoRI for amsG gene 
and with PstI and KpnI for flhDC gene, respectively. The resulting fragments were gel-purified, 
ligated together, and cloned to the upstream of promoter-less gfp gene. The final plasmids were 
designated as pWDP4 and pSN1 for amsG and flhD gene, respectively, and were confirmed by 
restriction enzyme digestion and sequencing.  
3.2.6 Swarming motility assay 
            For E. amylovora WT and mutant strains, bacterial suspensions were grown overnight in 
LB broth w/o appropriate antibiotics, harvested by centrifugation, washed with PBS once, and 
resuspended in 200 µl PBS. Then, bacterial suspensions were diluted 10 X in water, and 5 µl of 
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the diluted bacterial suspension was plated onto the center of swarming agar plates (10 g 
tryptone, 5 g NaCl,  3 g agar per l Liter) as previously described (Skerker et al., 2005; 
Hildebrand et al., 2006). Swarming diameters were determined following incubation at 28°C for 
up to three days.  The experiments were repeated at least three times.  
3.2.7 GFP reporter gene assay by flow cytometry 
The BD FACSCanto flow cytometer was used to monitor the GFP intensity of WT and 
mutant strains containing the corresponding promoter-GFP construct (Jacobi et al., 1998). For in 
vitro amsG gene expression, WT and rcs mutants containing the amsG promoter-GFP fusion 
plasmid were grown in LB overnight, harvested, and resuspended in water. Bacterial suspensions 
were re-inoculated in MBMA broth with 1% sorbitol and grown at 28°C with shaking for up to 
three days.  Bacterial cultures were then harvested by centrifugation, washed once with PBS, and 
then resuspended in PBS for flow cytometry assay. For in vivo gene expression assay, bacterial 
strains were inoculated onto immature pear fruits by cutting fruit in half, and then bacterial 
suspensions were directly added to the surface. For rcs mutants, several pear slices were 
inoculated with relatively large volume of inoculum in order to recover enough bacterial cells for 
flow cytometry assay. After incubation at 26°C for up to two days, bacterial cells were collected 
by either washing or centrifugation, washed twice with PBS, and then resuspended in PBS for 
flow cytometry assay.   
For flhDC gene expression, WT and rcs mutants containing the flhDC promoter GFP 
fusion plasmid were grown on the swarming plates as described above. Following incubation for 
two days at 28°C, bacterial cells were collected, washed, and resuspended in PBS for flow 
cytometry assay. Flow cytometry was performed on a BD LSRII 10 parameter multilaser 
analyzers (BD Bioscience, San Jose, CA). For both cases, data were collected for a total of 
100,000 events and statistically analyzed by gating using flow cytometry software FCS Express 
V3 (De Novo Software, LA, CA). A geometric mean was calculated for each sample.  Each 
treatment was performed in triplicate and each experiment was repeated three times. 
3.2.8 Immature pear virulence assays 
For E. amylovora WT and mutant strains, bacterial suspensions were grown overnight in 
LB broth, harvested by centrifugation, and resuspended in 0.5 X sterile phosphate buffered-
saline (PBS) with bacterial cells adjusted to concentrations of ~1 x 10
3
 to 1 x 10
4
 colony-forming 
units (cfu/μl) (OD600 = 0.1 and then diluted 100 times) in PBS. Immature fruits of pear (Pyrus 
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communis L. cv. ‗Bartlett‘) were surface-sterilized, and pricked with a sterile needle as described 
previously (Zhao et al., 2005; 2006). Wounded fruits were inoculated with 2 μl of cell 
suspensions, and incubated in a humidified chamber at 26°C. Symptoms were recorded at 2, 4, 6, 
7, and 8 days post-inoculation.  
For bacterial population studies, fruit tissues surrounding the inoculation site were 
excised by using a #4 cork borer as described previously (Zhao et al., 2005; 2006), and 
homogenized in 0.5 ml of 0.5 X PBS. Bacterial growth was monitored by dilution-plating of the 
ground material on LB medium amended with the appropriate antibiotics. For each strain tested, 
fruits were assayed in triplicate, and each experiment was repeated at least twice.  
3.2.9 CPC assay for determining amylovoran concentration 
The amylovoran concentration in supernatants of bacterial cultures was quantitatively 
determined by a turbidity assay with cetylpyrimidinium chloride (CPC), as previously described 
(Bellemann et al., 1994; Hildebrand et al., 2006). Briefly, for E. amylovora WT, mutants, and 
complementation strains, bacterial suspensions were grown overnight in LB broth w/o 
appropriate antibiotics, harvested by centrifugation, and washed with PBS three times. After the 
final wash, the bacterial pellet was resuspended in 200 µl PBS. A total of 100 µl of bacterial 
suspension was inoculated into 10 ml MBMA medium with 1% sorbitol. One ml of bacterial 
cells was pelleted two to three days after inoculation at 28°C with shaking. Following 
centrifugation, 50 µl CPC at 50 mg ml
-1
 was added to one ml supernatant. After 10 min of 
incubation at room temperature, the amylovoran concentration was determined by measuring 
OD600 turbidity. The final concentration of amylovoran production was normalized for a cell 
density of 1.0. For each strain tested, the experiment was repeated at least three times.  
3.2.10 Polymyxin B killing assay 
Bacterial strains were grown overnight in LB broth w/o antibiotics, collected by 
centrifugation at 4000 rpm for 10 min, and washed with PBS for three times. Pellets were re-
suspended in 200 µl PBS, and 10-fold serial dilutions of bacterial suspensions were made on 96-
well plates. Equal volumes of polymyxin B (3 µg/ml) were added to 100 µl bacterial 
suspensions, and incubated at room temperature for 1 h. Then, bacterial numbers for each 
dilution were counted by plating on LB media with/o appropriate antibiotics. Percentage of 
survival was calculated by dividing polymyxin B-treated versus untreated CFUs (Erickson and 
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Detweiler, 2006). Dilution of each strain was carried out in triplicate. The experiment was 
repeated at least three times. 
 
3.3 Results 
3.3.1 Identification of the Rcs phosphorelay system in E. amylovora and generation of rcs 
mutant 
On the basis of the whole genomic sequence of E. amylovora (EMBL database accession 
no. FN666575), and along with the aid of a previously reported rcsB gene sequence of E. 
amylovora, the rcs genes within the genome of E. amylovora were identified (Fig. 3.1A). A 
BLAST search has revealed that RcsB is most conserved, sharing 92 to 99% aa identity and 97 to 
100% aa similarity to those of E. coli and E. tasmaniensis, respectively. RcsC shares 61% and 
88% aa identity and 76% and 93% aa similarity with E. coli and E. tasmaniensis, respectively. 
The RcsD is the least conserved, sharing 52% and 84% aa identity as well as 70% and 91% aa 
similarity with E. coli and E. tasmaniensis, respectively. These results indicate that rcs genes in 
E. amylovora are more homologous to those of E. tasmaniensis than to those of E. coli.   
In order to study the function of the Rcs system in the pathogenicity of E. amylovora, we 
generated four non-polar insertional mutants within the rcs genes, including rcsB, rcsC, rcsD, 
and rcsBD double mutants using the λ-Red cloning technique as previously reported (Zhao et al. 
2006). In these mutants, the endogenous copy of rcs genes was disrupted and replaced with an 
antibiotic resistance cassette as described in Materials and methods.  
3.3.2 The Rcs phosphorelay system is a pathogenicity factor in E. amylovora 
To determine the role of RcsB, RcsC, and RcsD in E. amylovora pathogenicity, we 
conducted a virulence assay of the rcs mutants on immature pear fruits which have been 
routinely used to test pathogenicity of E. amylovora (Zhao et al., 2005, 2006). Mutants and WT 
strains were inoculated on immature pears as described, and disease development was assessed. 
At two days following inoculation, E. amylovora WT strain Ea1189 produced water-soaked 
symptoms in pears with visible bacterial ooze. Four days after inoculation, Ea1189 inoculated 
immature pears showed necrotic lesions and bacterial ooze formation. After eight days, the 
necrosis turned black with more ooze production at the inoculation site. In contrast, no disease 
symptoms were observed on immature pear fruits inoculated with the rcs mutants (Fig. 3.2A). In 
another experiment, we inoculated immature pear fruits with unusually high number (10
10
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CFU/ml) of rcs mutants, and yet no symptoms were observed (data not shown). These results 
indicated that the Rcs system was required for E. amylovora to incite disease.  
In order to ensure that lack of disease symptoms of rcs mutants was specifically related to 
mutations in rcs genes, we tested the virulence of rcs mutants complemented with cloned 
original rcs genes either in a high-copy (for rcsC gene) or low-copy (for rcsBD genes) vectors.  
Complemented strains produced similar symptoms and comparable disease progression on 
immature pear fruits as that of the WT strain (Fig. 3.2B). As shown in Fig. 3.2B, black lesions 
appeared four days following infection and systemically spread in complemented rcs mutants by 
seven days. These complemented strains also produced ooze, an indicator of amylovoran 
production. These results indicated that complementation of rcs mutants rescued their 
pathogenicity. Interestingly, the rcsB, rcsD, and rcsBD mutants cannot be complemented by a 
high-copy number vector containing the rcsBD operon (data not shown). Our results clearly 
demonstrated that the Rcs phosphorelay system was required strictly for pathogenicity in E. 
amylovora. 
Quantification of bacterial growth in infected immature pears was determined for both 
WT and rcs mutants for four days post inoculation. Disease symptoms caused by the WT strain 
on immature pear fruits were correlated with high levels of bacterial growth in pear tissues (Fig. 
3.3A). In contrast to the WT, bacterial number of rcs mutants decreased rapidly following 
inoculation, representing an approximately 10
6
-fold reduction relative to that of WT (Fig. 3.3A). 
These results indicated that rcs mutants were unable to colonize and survive in immature pears. 
Growth of complemented strains of rcs mutants was also monitored, and these complemented 
strains were partially restored in growth as compared to those of mutant strains (Fig. 3.3B). In 
summary, these experiments suggested that the rcs phosphorelay system contributed to the 
pathogenicity and survival of E. amylovora on pears. 
3.3.3 The Rcs phosphorelay system regulates amylovoran biosynthesis in E. amylovora 
To determine whether the rcs phosphorelay system of E. amylovora affects amylovoran 
biosynthesis, bacterial cells were grown in amylovoran-inducing medium, and quantitative 
spectrophotometric assays were performed to determine levels of amylovoran production in 
vitro. As shown in Fig. 3.4A, amylovoran production was almost undetectable in rcsB, rcsD, and 
rcsBD mutants as well as in the ams operon deletion mutant (as a control) (Zhao et al. 2009). In 
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contrast, the rcsC mutant produced a 6.2-fold increase in amylovoran production compared to 
that of WT three days after inoculation (Fig. 3.4A).  
To verify whether lack of or overproduction of amylovoran in vitro in rcs mutants was 
specifically related to mutations in rcs genes, amylovoran biosynthesis was measured by 
complementation of rcs mutants. We found that amylovoran biosynthesis in the rcsC mutant was 
partially complemented by introducing the origin rcsC gene in a high-copy number vector. As 
shown in Fig. 3.4A, the complement strain of the rcsC mutant produced less than half the 
amount of amylovoran relative to that of the rcsC mutant. Complement strains of rcsB, rcsD, and 
rcsBD mutants by a low-copy number vector containing the rcsBD operon also produced 
relatively higher levels of amylovoran, with OD600 values of 0.24, 0.32, and 0.30, respectively, 
compared to 0.16 for the WT. These results indicated that the Rcs system regulated amylovoran 
biosynthesis either as a negative regulator (RcsC) or as a positive regulator (RcsBD) in vitro. 
In order to correlate amylovoran production with amylovoran biosynthesis gene expression, the 
promoter of the amsG gene, the first gene in the amylovoran operon, was cloned in a 
promoterless GFP reporter vector. The GFP intensity was measured by flow cytometry in the 
WT and in rcs mutants containing the amsG promoter-GFP fusion plasmid. As shown in Fig. 
3.4B, the amsG gene was expressed at a basal level in the WT strain, with a GFP intensity value 
of 1.70 (geometric mean), as compared to the vector control (GFP value at about 1.50). The GFP 
intensity level of the amsG promoter in rcsB, rcsD, and rcsBD mutants was measured at 1.47, 
1.48, and 1.46, respectively (Table 3.2). However, in the rcsC mutant, the GFP intensity 
(geometric mean at 5.64) of the amsG promoter was more than three times higher than that of 
WT (Table 3.2). The GFP intensity was also measured for both the WT and rcs mutants 
containing the amsG promoter-GFP fusion following inoculation onto immature pear fruits for 
up to 2 days. Expression of amsG in rcsB, rcsD, and rcsBD mutants in vivo was similar to those 
in vitro. The GFP intensity of the amsG gene in WT increased from in vitro (1.70) to in vivo 
(3.95), more than two-fold increase. On the contrary, the amsG expression in the rcsC mutant 
was lower in vivo (to 2.75) compared to in vitro (5.64) (Fig. 3.4B, Table 3.2). These results 
indicated that expression of the amsG in vitro and in vivo was correlated with amylovoran 
production in WT and rcs mutants. Moreover, the amsG gene was induced in the WT in planta.  
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3.3.4 The Rcs phosphorelay system negatively regulates flhDC gene expression but 
swarming motility was only partially affected 
In E. coli, mutations in the Rcs system render E. coli hypermotile (Francez-Charlot et al., 
2003; Takeda et al., 2001; Wang et al., 2007). Swarming motility was assessed for both WT and 
rcs mutants by inoculating bacterial cells on a swarming plate (0.3% agar) and then measuring 
the diameter of the circle covered by bacterial cells 48 h after inoculation. rcs mutants exhibited 
irregular and partially reduced motility compared with that of WT strain, which showed a round 
circle of 3.01 cm in diameter two days following inoculation. However, diameters for rcsB, rcsC, 
rcsD, and rcsBD mutants were about 2.51, 2.45, 2.48, and 2.43 cm (longest part of the irregular 
movement), respectively. The irregular movement could only be partially restored in rcs mutants 
complemented with their corresponding genes (data not shown). These results indicated that 
mutation in the Rcs system in E. amylovora did not confer hypermotility as in E. coli, but instead 
rendered them less motile. 
To determine whether the Rcs phosphorelay system regulates the flhDC gene expression 
in E. amylovora, we also constructed a flhDC promoter-GFP fusion and introduced into the WT 
and rcs mutants. GFP intensity values of flhDC promoter in rcsB, rcsC, rcsD, and rcsBD were 
about 8.6, 8.8, 9.2, and 9.6, respectively, approximately four times higher than that detected for 
WT (2.2) (Table 3.2). Altogether, these findings indicated that the flhDC gene was up-regulated 
in rcs mutants when bacterial cells were grown on swarming plates, and that the Rcs system 
acted as a negative regulator for the flhDC gene expression in E. amylovora. 
3.3.5 The Rcs phosphorelay system in E. amylovora confers resistance to polymyxin B  
To determine whether the Rcs phosphorelay system confers resistance to polymyxin B in 
E. amylovora, WT and rcs mutant strains were tested for their sensitivity to polymyxin B 
exposure (killing effect), and the survival number of each strain was counted by serial dilution 
plating. After 1 h of polymyxin B treatment, the survival rate of WT was about 3.2%; whereas, 
the survival rates of rcs mutants were about 0.52, 0.45,
 
0.48,
 
and 0.36%
 
for rcsB, rcsC, rcsD, and 
rcsBD mutants, respectively (Fig. 3.5). We also observed slower recovery (colony forming on 
LB plates) of rcs mutants. The colony of the WT strain was visible after 16 h on LB plates, 
whereas it took about 25 h for rcs mutants to become visible. Complementation of rcsB, rcsC, 
rcsD, and rcsBD mutants rescued the survival rates to 3.3%, 2.7%, 2.9%, and 2.8%, respectively. 
Upon Polymyxin B treatment, complementation strains were visible 18 h after plating on LB 
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plates. These results indicated that the Rcs system conferred resistance to polymyxin B in E. 
amylovora and played a role in the survival of the pathogen.   
3.4. Discussion 
  Fire blight studies have contributed great strides in our elucidation of the genetic, 
molecular, and physiological basis of E. amylovora pathogenesis. Early studies have revealed 
that E. amylovora utilizes an essential virulence system—the hrp type III secretion system 
(T3SS) to deliver effector proteins into host plants and cause disease (Oh and Beer, 2005; Wei et 
al., 1992). Besides T3SS and its associated effector proteins, other major virulence determinants 
identified in E. amylovora contributing to pathogenesis and plant colonization include the acidic 
extracellular polysaccharide amylovoran (Bernhard et al., 1993; Steinberger and Beer, 1988).  
In this study, we have demonstrated that the Rcs phosphorelay system is required for 
pathogenicity in E. amylovora. Our results have also demonstrated that the Rcs phosphorelay 
system not only regulates amylovoran biosynthesis, but it also confers the pathogen more 
resistance to the antimicrobial peptide (AMP) polymyxin B. This suggests that the Rcs 
phosphorelay system is a pathogenicity factor in E. amylovora by affecting amylovoran 
production, and may also play a major role in the survival of E. amylovora in planta. 
TCSTs are complicated regulatory systems used by microorganisms to sense and respond 
to environmental signals which resulting in gene expressions (Stock et al., 1990). As one of the 
most studied TCST, the Rcs phosphorelay system has been shown to contribute to virulence of 
many pathogenic bacteria including Salmonella and Pantoea stewartii (Dominguez-Bernal et al., 
2004; Mouslim et al., 2004; Wehland et al., 1999). Previous studies have showed that RcsB 
contributes to virulence in E. amylovora (Kelm et al., 1997), our studies confirm and for the first 
time further prove that RcsC and RcsD are also essential for pathogenicity. In another 
experiment, rcs mutants remain capable of inducing a hypersensitive response (HR) in tobacco 
(Wang et al., unpublished data), thus indicating that T3SS remains functional in rcs mutants. 
Interestingly, when complementation of rcs mutants was attempted, we failed to complement 
rcsB, rcsD, and rcsBD mutants when rcsBD genes were cloned in a high-copy number vector 
(pGEM T-easy), but succeeded when rcsBD were cloned in a low-copy number vector 
(pWSK29). It is likely that over-expression of rcsBD may be detrimental to the pathogen. These 
findings suggested that the Rcs system contributes to virulence in E. amylovora in part by 
specifically regulating amylovoran biosynthesis. 
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As an unexpected result, we found that rcsC mutant produced more amylovoran than that 
of WT, and amsG gene was also highly expressed in vitro. At first, it seems hard to explain since 
the mutant did not cause disease on immature pear fruits, and no ooze was observed. However, 
we further demonstrated that amsG gene was expressed higher in WT than that in rcsC mutant 
following infection of immature pear fruit. One possibility is that RcsC may be required to sense 
an unknown signal in vivo, and thus specifically phosphorylated RcsBD in vivo; yet cross-talk 
could occur in vitro. Recent studies have demonstrated that HKs have significant kinetic 
preferences for their cognate RRs to prevent unwanted crosstalk in vivo. In other words, HKs 
have intrinsic abilities to recognize their cognate substrates in vivo (Skerker et al. 2005). Further 
studies have reported that a subset of coevolving residues around H-boxes is sufficient to control 
specificity of HKs (Skerker et al., 2008). On the other hand, given the complex nature of the Rcs 
phosphorelay system, it has also been proposed that additional input signals may be sensed by 
RcsD in liquid medium (Majdalani and Gottesman, 2005). So another possible explanation is 
that these additional input signals may phosphorylate RcsD or RcsB by cross-talking, thus 
activating amylovoran biosynthesis in vitro in the rcsC mutant background. 
It has been shown that the RcsC sensor kinase in E. coli controls the expression of a 
regulon in response to growth on a solid surface (Ferrieres and Clarke, 2003). Expression of 
cpsB increases in an RcsC-dependent manner when cells are grown on a solid surface (Ferrieres 
and Clarke, 2003). This suggests that a solid surface can serve as an environmental signal to 
activate the RcsC kinase. Our in vivo gene expression data support that, thus indicating that a 
solid surface can be an environmental factor in inducing expression of the amsG gene and this 
may depend on RcsC through sensing of this solid surface signal. 
It seems that amylovoran biosynthesis in E. amylovora WT strain is tightly controlled by 
the Rcs system. It has been reported that RcsC has a dual function in transferring a phosphoryl 
group to RcsB (as kinase) or by removing a phosphate from RcsB in which it acts as a 
phosphatase (Majdalani and Gottesman, 2005). The first evidence for a dual role of RcsC is 
provided by expression of the promoter for another target gene of RcsB, the small regulatory 
RNA RprA (Majdalani et al., 2002; 2005). In E. coli, expression of rprA is off in WT strain, but 
a null mutation of rcsC leads to higher levels of rprA expression. This suggests that the loss of 
RcsC (phosphatase) prevents removal of the phosphate from RcsB, which may be cross-
phophorylated from unknown sources, resulting in the activation of RcsB activity. Further 
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evidence that RcsC acts as a phosphatase is provided by the observation that cells carrying a 
point mutation in rcsC137 constitutively express cps genes at high levels (Clarke et al., 2002). In 
our study, amsG gene is slightly expressed in WT strain in vitro, but expressed at higher levels in 
a liquid medium in rcsC mutant in vitro, suggesting that activation of RcsB from an unknown 
source in liquid medium is not inhibited by RcsC. 
Several environmental conditions have been reported to activate the Rcs phosphorelay 
system, including growth on a solid surface, desiccation, and changes in osmolarity (Majdalani 
and Gottesman, 2005). One of the examples for observed responses to solid surfaces is the 
swarming motility. In both E. coli and S. enterica, the RcsCDB phosphorelay system has been 
shown to negatively regulate swarming motility (Takeda et al., 2001; Wang et al., 2007). 
Mutations in rcsC, rcsD, and rcsB lead to hyper-motile phenotype and higher expression of the 
flhDC operon, the master regulator of flagella biosynthesis.  Products of flhDC genes in turn 
positively regulate second (such as fliA) or third (such as fliC) class genes for flagella 
biosynthesis (McCarter, 2006). This negative regulation of the flhDC operon by the Rcs system 
is in agreement with other supporting evidence for reduced motility under conditions inducing 
cps synthesis in E. coli.  Consistent with previous findings, our results demonstrate that 
expression of the flhDC operon is higher in all rcs mutants than that in the WT in E. amylovora.  
Surprisingly, rcs mutants have shown irregular and reduced swarming motilities on swarming 
plates when compared to those of WT, exhibiting circular movement. It is worth noting here that 
we have identified several other TCST mutants that are either hypermotile (circle) or non-motile 
on swarming plates. However, all these mutants have shown even higher expression of the flhDC 
operon than that in rcs mutants (Zhao et al. 2009). These data further indicate that there is no 
positive correlation between swarming motility and flhDC gene expression in E. amylovora.  
Irregular movements in rcs mutants may be attributed to remodeling of bacterial surfaces during 
growth on a solid surface, as reported recently for E. coli (Ferrieres and Clarke, 2003). Indeed, 
DNA microarray analysis of the rcsC mutant has revealed that more than 150 genes are 
controlled by rcsC and 50% of these genes encode proteins that are either localized to the 
envelope of E. coli or have activities affecting properties of the bacterial surface; e.g., production 
of colanic acid. Further studies are needed to elucidate the reason why E. coli and E. amylovora 
rcs mutants have different motility behavior, although the flhDC genes are up-regulated in both 
cases. 
43 
 
Endogenous antimicrobial peptides (AMP) produced by plants are known to play 
important roles in the host defense system and innate immunity (Oard and Enright, 2006). Most 
AMPs are cationic and are believed to interact with their primary target, the cell membrane. 
They are reported to kill bacteria by binding to lipopolysaccharides (LPSs) through ionic bonds 
with negatively-charged phosphoryl groups of the lipid A (Rosenfeld and Shai, 2006). Several 
TCSTs including PhoP/Q, PmrA/B, and the Rcs system have been reported to confer resistance 
to AMPs including the peptide antibiotic polymyxin B (Erickson and Detweiler, 2006; Hancock 
and McPhee, 2005; Lee et al., 2004). These regulatory factors are required for modification of 
the LPS structure leading to reduction of negative charges along the surface, thus altering 
interactions with AMPs. Many TCST targeted genes, including ugd and pbgP, are responsible 
for mediating modifications of LPS necessary for resistance to polymyxin B (Kato et al., 2007). 
It has been shown that the rcsC gene in S. typhimurium regulates the expression of ugd, a gene 
that is responsible for synthesis and incorporation of L-aminoarabinose into the LPS to induce 
resistance to polymyxin B (Mouslim and Groisman, 2003). Our results clearly indicate that the 
Rcs system in E. amylovora confers resistance to polymyxin B. It is likely that the Rcs system in 
E. amylovora also affects properties of the bacterial surface which leads to resistance to 
polymyxin B. Although the mechanism remains unknown, it is tempting to speculate that the Rcs 
phosphorelay system increases E. amylovora resistance to AMPs, thus playing a role in the 
survival of the pathogen during infection of plant tissues. It will be interesting to investigate 
whether there are any cross-talks between different TCSTs in E. amylovora that confer resistance 
to AMPs, as reported in other enterobacteria. 
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TABLES 
 
Table 3.1 Bacterial strains, plasmids, and primers used in this study 
Strains, plasmids 
or primers 
Relevant characters or sequences (5‘—3‘)a Reference or source 
Strains 
       Ea1189 
 
Wild type, isolated from apple 
  
Burse et al., 2004 
       Z3205ΔrcsB rcsB::Km; KmR-insertional mutant of rcsB of 
Ea1189, Km
R
 
This study 
       Z3207ΔrcsC rcsC::Km; KmR-insertional mutant of rcsC of 
Ea1189, Km
R
 
This study 
       Z3206ΔrcsD rcsD::Km; KmR-insertional mutant of rcsD of 
Ea1189, Km
R
 
This study 
Z320506ΔrcsBD rcsBD::Km; KmR-insertional mutant of rcsDB of 
Ea1189, Km
R
 
This study 
       Z0118Δams KmR-insertional mutant of ams operon (15.8kb) 
of Ea1189, Km
R
 
Zhao and Sundin, 
2008 
   DH10B F
-
 mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 
∆lacX74 recA1 endA1 ara∆139 ∆(ara, leu)7697 
galU galK λ - rpsL (StrR) nupG 
Invitrogen 
Plasmids 
     pKD46 Ap
R
, PBAD gam bet exo pSC101 oriTS Datsenko and Wanner, 
2000 
     pKD13 Km
R
, FRT cat FRT PS1 PS2 oriR6K rgbN Datsenko and Wanner, 
2000 
     pGEM
 ®
 T-
easy 
Ap
R
, PCR cloning vector Promega 
     pFPV25 Ap
R
, GFP based promoter trap vector containing 
a promoter-less gfpmut3a gene 
Valdivia and Falkow, 
1997 
     pWSK29 Ap
R
; cloning vector, low copy number Wang and Kushner, 
1991 
     pWDP1 4.54-kb PCR fragment containing rcsBD gene in 
pGEM T-easy vector 
This study 
     pWDP2 3.88-kb PCR fragment containing rcsC gene in 
pGEM T-easy vector 
This study 
     pWDP3 4.54-kb EcoRI-BamHI fragment containing 
rcsBD gene in pWSK29 
This study 
     pWDP4 721 bp KpnI-XbaI DNA fragment containing 
promoter sequence of amsG gene in pFPV25 
This study 
     pSN1 906 bp EcoRI-BamHI DNA fragment containing 
promoter sequence of flhD gene in pFPV25 
This study 
Primers
b
 
B3205F ATGTTGCCATATAAATTTCCGCTAACTTCCGGCAATGTAACACG
ATTTTT GCGATTGTGTAGGCTGGAGCT 
B3205R TTATTGGTTACCTTGCTGCAGGAGATCTTTGACATAAGTGTCAA
CTTCAC ATTCCGGGGATCCGTCGACC 
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Table 3.1 Cont. 
B3206F GTGAAGTTGACACTTATGTCAAAGATCTCCTGCAGCAAGGTAA
CCAATAA GCGATTGTGTAGGCTGGAGCT 
B3206R TTATTTATCTACCGGCGTCATGCTTACTGATGACAGGTAGTTAA
GCAAAG ATTCCGGGGATCCGTCGACC 
B3207F ATGGCCGGGATAACTGGCTTTTTCTGCCTCCCGGCGCTACTGTA
TCGGCA GCGATTGTGTAGGCTGGAGCT 
B3207R TTACCGCAACCTGTTACTTAGCGCTTCCCGGCTCTTTCTTACCC
GCCCGG ATTCCGGGGATCCGTCGACC 
GFP1 ATGAGTAAAGGAGAAGAACTTTTCAC 
GFP2 TTATTTGTATAGTTCATCCATGC 
amsG1 CGGGGTACCGTATCGCTTAAAGGGGAAACG(KpnI) 
amsG2 CTAGTCTAGACACCTGGAAAGCCATTAATCA(XbaI) 
flhD1 CCGGAATTCCGTTGTTGCCGATGCTAATA(EcoRI) 
flhD2 CGCGGATCCCAATACCCAGGCGAAACATC(BamHI) 
rcsC1 GATCAAGGTAACCGAGCGTAAC 
rcsC2 AGCTTAACCGCAGCATTAAAAC 
rcsBD1 CCGGAATTCCTAGCACAATTCACAAGGTTGG(EcoRI) 
rcsBD2 CGCGGATCCCTCCTAATGAACTGCCGCTACT(BamHI) 
Km1 CAGTCATAGCCGAATAGCCT 
Km2 CGGTGCCCTGAATGAACTGC 
Z3205F GCCAACGCCCGACTGATTACAAG 
Z3206R GCCGGGAAGCGCTAAGTAACAGGT 
Z3207F GTTCGCCGCTAAGCCGTGGTCA 
Z3207R GAGAAAATCAGCGCGGGTGGTTAC 
a 
Km
R
, Ap
R
 = kanamycin and ampicillin resistance, respectively. 
b
Underlined nucleotides are restriction sites added and the restriction enzymes are indicated at 
the end of primers. 
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Table 3.2 GFP fluorescence intensity in WT and rcs mutants containing amsG and flhDC 
promoter-GFP fusion plasmid 
Bacterial strains GFP intensity in vitro 
(Geometric mean ± standard 
deviation) 
GFP intensity in vivo 
(Geometric Mean ± standard 
deviation)
a
 
WT (pWDP4) 1.70 ± 0.04 3.95 ± 0.12 
ΔrcsB (pWDP4) 1.47 ± 0.02 1.52 ± 0.02 
ΔrcsC (pWDP4) 5.64 ± 0.05 2.75 ± 0.15 
ΔrcsD (pWDP4) 1.48 ± 0.04 1.53 ± 0.05 
ΔrcsBD (pWDP4) 1.46 ± 0.01 1.51 ± 0.03 
WT (pSN1) 2.21 ± 0.08 ND 
ΔrcsB (pSN1) 8.23 ± 0.24 ND 
ΔrcsC (pSN1) 8.86 ± 0.62 ND 
ΔrcsD (pSN1) 9.24 ± 0.15 ND 
ΔrcsBD (pSN1) 9.66 ± 0.36 ND 
 a
 ND: not determined.  
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FIGURES 
Figure 3.1 Schematic maps of genes and proteins of the Rcs phosphorelay system in 
E. amylovora 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Organization of the rcs genes in E. amylovora. B. Domain organization of Rcs proteins. 
Domain limits for proteins are derived from SMART program (www.smart.embl-heidelberg.de). 
Not drawn to scale. TM: transmembrane domain. 
A. 
B. 
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Figure 3.2 Pathogenicity tests of E. amylovora WT strain, rcs mutants, and 
complementation of the rcs mutants on immature pears 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Symptoms caused by WT, ΔrcsB, ΔrcsC, ΔrcsD and ΔrcsBD mutants in immature pears. B. 
Symptoms caused by WT and complementation strains of rcs mutants. 1: ΔrcsB (pWDP3), 2: 
ΔrcsD (pWDP3), 3: ΔrcsBD (pWDP3) and 4: ΔrcsC (pWDP2). DPI: days post inoculation. 
A 
B 
4 DPI 
WT         1         2           3           4     
WT      ∆rcsB    ∆rcsC   ∆rcsD  ∆rcsBD     
7 DPI 
4 DPI 
8 DPI 
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Figure 3.3 Bacterial growth of E. amylovora WT, rcs mutants and complementation strains 
of the rcs mutants on immature pear fruits 
 
 
  
 
 
 
A. Growth of E. amylovora WT, ΔrcsB, ΔrcsC, ΔrcsD and ΔrcsBD during infection of immature 
pears. B. Growth of WT and complementation strains of rcs mutants during infection of 
immature pears. 1: ΔrcsB (pWDP3), 2: ΔrcsD (pWDP3), 3: ΔrcsBD (pWDP3) and 4: ΔrcsC 
(pWDP2). Growth of bacterial strains was monitored at 0, 1, 2, 3, and 4 days after inoculation.  
Data points represent means of three replicates ± standard errors. Similar results were obtained in 
repeated independent experiments. 
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Figure 3.4 Amylovoran production of E. amylovora WT, rcs mutants, and complementation 
strains of rcs mutants in vitro 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Bacterial strains were grown in MBMA media with 1% sorbitol for 72 hours at 28°C with 
shaking. The amount of amylovoran was measured with the CPC assay and normalized to a cell 
density of 1. Data points represent the means of three replicates ± standard deviations. Similar 
results were obtained in three independent experiments. B. Gene expression of the amsG gene in 
WT and rcs mutants in vitro and in vivo. GFP intensity in WT strain and rcs mutants containing 
the amsG promoter GFP fusion plasmid was measured by flow cytometry. The experiment was 
repeated at least three times and similar results were obtained. Solid line: in vivo on immature 
pear fruits; dashed line: in vitro in MBMA plus 1% sorbitol. Count: number of bacterial cells; 
GFP-A: green fluorescence protein absorbance. 
  
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
WT Δams ΔrcsB ΔrcsC ΔrcsD ΔrcsBD 
O
D
6
0
0
 
WT and mutants 
Complementation 
GFP-A
C
o
u
n
t
10
0
10
1
10
2
10
3
10
4
0
955
1911
2866
3821
B 
GFP-A
C
o
u
n
t
10
0
10
1
10
2
10
3
10
4
0
878
1756
2633
3511
GFP-A
C
o
u
n
t
10
0
10
1
10
2
10
3
10
4
0
1267
2534
3801
5068
  (pWDP4) 
WT 
ΔrcsC 
  (pWDP4) 
GFP-A
C
o
u
n
t
10
0
10
1
10
2
10
3
10
4
0
967
1935
2902
3869
ΔrcsB 
  (pWDP4) 
ΔrcsD 
  (pWDP4) 
A 
51 
 
Figure 3.5 Polymyxin B killing assay 
 
 
 
 
 
 
 
 
Bacterial strains were grown overnight in LB broth and treated with equal volume of polymyxin 
B (3 µg/ml) for 1h. Surviving bacterial cells were counted by plating on LB plates. Data points 
represent means of three replicates ± standard deviations. The experiment was repeated at least 
three times. 
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CHAPTER 4 
 
CHARACTERIZATION OF THE RCSC SENSOR KINASE FROM ERWINIA 
AMYLOVORA AND OTHER ENTEROBACTERIA 
 
Abstract 
RcsC is a hybrid sensor kinase which contains a sensor domain, a histidine kinase domain 
and a receiver domain. We have previously demonstrated that, while the Erwinia amylovora 
rcsC mutant produces more amylovoran than the wild type strain in vitro, the mutant remains 
non-pathogenic on immature pear fruits and on apple plants. In this study, we comparatively 
characterized the Erwinia RcsC and its homologs from various enterobacteria. Our results 
showed that expression of Erwinia rcsC gene suppressed amylovoran production in various 
amylovoran over-producing wild type (WT) or mutant strains, indicating net phosphatase activity 
of the Erwinia RcsC. Our results also demonstrated that rcsC homologs from other 
enterobacteria could not rescue amylovoran production phenotype of the Erwinia rcsC mutant in 
vitro. However, the virulence of the Erwinia rcsC mutant was partially restored by rcsC 
homologs from Pantoea stewartii, Yersinia pestis and Salmonella enterica, but not that from 
Escherichia coli on apple shoots. Domain swapping experiments indicated that replacement of 
the E. coli RcsC sensor domain by those of Erwinia and Yersinia partially restored virulence of 
the Erwinia rcsC mutant; whereas chimeric constructs containing the sensor domain of E. coli 
RcsC could not rescue virulence of the Erwinia rcsC mutant on apple. Interestingly, only 
chimeric construct containing the histidine kinase and receiver domain of Erwinia RcsC fully 
rescued amylovoran production. These results suggest that the sensor domain of RcsC might be 
important for regulating bacterial virulence, whereas the activity of the histidine kinase and 
receiver domain of Erwinia RcsC may be essential for amylovoran production in vitro.  
 
4.1 Introduction 
Erwinia amylovora, the causal agent of fire blight on apples and pears, is a member of the 
Enterobacteriaceae, which also includes Escherichia, Pantoea, Salmonella and Yersinia. As one 
of the main virulence factors, E. amylovora produces the capsular exopolysaccharide (EPS) 
amylovoran to cause disease (Bellemann and Geider, 1992). Amylovoran is an acidic 
heteropolymer composed of a branched repeating unit consisting of galactose, glucose, and 
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pyruvate residues (Nimtz et al., 1996). Mutant strains deficient in the amylovoran production are 
non-pathogenic (Wang et al., 2009). It has been reported that amylovoran has multiple functions 
including plugging plant vascular tissues, movement through cortical tissue, retention of water 
and nutrients, and biofilm formation (Koczan et al., 2009; Sjulin and Beer, 1978; Vanneste, 
2000).  
In E. amylovora, two-component signal transduction (TCST) systems play critical roles 
in sensing of and response to environmental conditions to regulate amylovoran production and 
also in virulence (Zhao et al., 2009). Among them, the Rcs phosphorelay system, including 
RcsBCD, is essential for virulence and positively regulates amylovoran production (Wang et al., 
2009). The membrane-localized RcsC sensor kinase is a hybrid sensor kinase and composed of a 
sensor (input), a histidine kinase (transmitter) and a receiver (output) domain. The sensor domain 
contains a periplasmic region flanked by one or two transmembrane (TM) fragments. It has been 
reported that RcsC has both kinase and phosphatase activities (Clarke et al., 2002). Although the 
exact signal for RcsC is unclear, genetic analyses suggest that upon stimulation, RcsC 
autophosphorylates on a conserved histidine residue in the histidine kinase domain. Then the 
phosphoryl group is transferred to an aspartate residue in the receiver domain, which then 
activates the whole Rcs phosphorelay system through RcsD, another membrane-localized 
protein, and RcsB, the response regulator. Upon phosphorylation, phosphor-RcsB binds to DNA 
and regulates gene expression. Phospho-RcsB can be dephosphorylated by RcsC and RcsD in 
reverse reactions (Majdalani and Gottesman, 2005).  It has been reported that RcsC has both 
kinase and phosphatase activities in E. coli (Clarke et al., 2002). 
The Rcs phosphorelay system is first identified by its role in the transcriptional regulation 
of the genes for capsular polysaccharide in E. coli (Majdalani and Gottesman, 2005). Later 
studies have shown that the Rcs system is involved in regulating a wide array of phenotypes such 
as swarming motility, antibiotic resistance and biofilm formation (Huang et al., 2006). In 
Salmonella enterica and Yersinia pseudotuberculosis, the Rcs system positively regulates 
multiple virulence factors and rcs mutants are greatly impaired in their ability to colonize host 
cells (Detweiler et al., 2003; Erickson and Detweiler, 2006; Hinchliffe et al., 2008). In Pantoea 
stewartii, the Rcs phosphorelay system also plays a major role in regulating bacterial virulence 
(Minogue et al., 2005). We have demonstrated that the Rcs system in E. amylovora is essential 
for regulating bacterial virulent factor in E. amylovora (Wang et al., 2009). The rcsB and rcsD 
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mutants are deficient in amylovoran production and cannot cause disease on host plants. 
Although the rcsC mutant produces high level of amylovoran in vitro, it is remains non-
pathogenic on host plants.  
It has been reported that RcsC exhibits phosphatase activity in enterobacteria (Clarke et 
al., 2002). In E. coli, the loss of RcsC function results in phenotypes such as increased mucoidy 
and decreased motility; this is in part because of elevated phospho-RcsB concentrations 
(Fredericks et al., 2006). The net direction of the flow of phosphoryl groups and the strength of 
the output from this signaling pathway is modulated by different environmental signals as well as 
other periplasmic proteins such as DjlA (Clarke et al., 2002). Recently, comparative functional 
studies have shown that biofilm formation in E. coli K-12 rcsC mutant can be rescued by the 
RcsC homolog from S. enterica, but not that from Y. pestis (Huang et al., 2009).  Furthermore, a 
chimeric protein composed of the sensor domain of E. coli K-12 RcsC and the histidine kinase 
and receiver domains of Y. pestis is able to fully restore biofilm formation, suggesting different 
net kinase activity of RcsC of various sources; ie., different kinase to phosphatase ration (Huang 
et al., 2010). These results suggest that there is a link between RcsC sensor domain and biofilm 
formation in E. coli. 
In this study, we comparatively characterized rcsC homologs from five bacterial species 
within the family Enterobacteriaceae. Comparative analyses showed that the non-pathogenic 
phenotype of E. amylovora rcsC mutant could not be complemented by rcsC homologs from E. 
coli, but partially restored by those from P. stewartii, Y. pestis and S. enterica. Further analyses 
showed that two chimeric constructs containing the sensor domains of Erwinia or Yersinia RcsC 
and histidine kinase and receiver domain of E. coli RcsC partially restored virulence of the 
Erwinia rcsC mutant; whereas chimeric constructs containing the sensor domain of E. coli and 
the transmitter and output domains of Yersinia could not rescue bacterial virulence and growth. 
In addition, amylovoran production in Erwinia rcsC was not able to be restored by all other 
RcsC homologs and chimeric proteins, except for the chimeric construct containing the histidine 
kinase and receiver domain of Erwinia RcsC.  
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4.2 Materials and methods 
4.2.1 Bacterial stains and culture media 
Bacterial strains and plasmids used in this study are listed in Table 4.1. The LB medium 
was routinely used for culturing E. amylovora. When necessary, the following antibiotics were 
added to the medium: 50 µg ml
-1 
kanamycin and 100 µg ml
-1 
ampicillin.  Amylovoran production 
was determined by growing bacteria in MBMA medium (3 g KH2PO4, 7 g K2HPO4, 1 g 
[NH4]2SO4, 2 ml glycerol, 0.5 g citric acid, 0.03 g MgSO4) plus 1% sorbitol (Wang et al., 2009).  
4.2.2 DNA manipulation and sequence analysis  
Plasmid DNA purification, PCR amplification of genes, isolation of fragments from 
agarose gels, cloning, and restriction enzyme digestion and T4 DNA ligation were performed 
using standard molecular procedures (Sambrook and Russel, 2001). DNA sequencing was 
performed at the Keck Center for Functional and Comparative Genomics at the University of 
Illinois at Urbana-Champaign. Sequence management and contig assembly were conducted 
using Sequencher 4.7 software. Database searches were conducted using the BLAST programs at 
NCBI (www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1997).   
4.2.3 CPC assay for determining amylovoran concentration 
The amylovoran concentration in supernatants of bacterial cultures was quantitatively 
determined by a turbidity assay with cetylpyrimidinium chloride (CPC), as previously described 
(Wang et al., 2009). Briefly, bacterial suspensions were grown overnight in LB broth with or 
without appropriate antibiotics, harvested by centrifugation, and washed with PBS three times. 
After the final wash, the bacterial pellet was resuspended in 200 µl PBS. A total of 100 µl of 
bacterial suspension was inoculated into 10 ml MBMA medium with 1% sorbitol. Bacterial cells 
were pelleted two days after inoculation at 28°C with shaking. Following centrifugation, 50 µl 
CPC at 50 mg ml
-1
 was added to one ml of supernatant. After 10 min of incubation at room 
temperature, amylovoran concentration was determined by measuring OD600 turbidity. The final 
concentration of amylovoran production was normalized for a cell density of 1.0.  For each strain 
tested, the experiment was repeated at least three times.  
4.2.4 Cloning rcsC genes from E. amylovora, S. enterica, Y. pestis and P. stewartii 
The rcsC genes from E. amylovora (rcsCEa), S. enterica serovar Typhimurium LT2 
(rcsCSe) and Yersinia pestis (rcsCYp) were cloned into pBMM101 vector under the control of the 
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ptrc promoter (Clarke et al., 2002). Briefly, genes were amplified from genomic DNA using high 
fidelity Platinum® Pfu DNA Polymerase (Invitrogen) and the following primer pairs: Ea1 and 
Ea2 for rcsCEa, Se1 and Se2 for rcsCSe, and Yp1 and Yp2 for rcsCYp. The PCR products were 
digested with NcoI and XbaI and ligated with the NcoI/XbaI digested vector, resulting in final 
plasmid pWDP777 (rcsCEa), pWDP778 (rcsCYp) and pWDP781 (rcsCSe) (Fig. 4.1). For cloning 
rcsC gene from P. stewartii, primer pairs Ps1-Ps2, without restriction sites was used to amplify 
3.41 kb DNA fragments from P. stewartii strain, which contains upstream and downstream 
sequences of the rcsC gene. The PCR fragment was cloned into pGEM T-easy vector through A-
T ligation. The final plasmids were designated as pWDP782. All plasmids were introduced into 
E. coli strain by electroporation. Transformants were selected on LB plates supplemented with 
Ap.  Their genotypes were confirmed by enzymatic digestion and sequencing. 
4.2.5 Construction of chimeric rcsC constructs 
A 1.4-kb DNA fragment encoding the N-terminal region of rcsCEa was amplified using 
primers Ea1 and Ea3. The Ea3 primer introduced a ClaI site into the rcsCEa sequence and the 
fragment will be digested with NcoI and ClaI. This ClaI site occurs naturally in the rcsCEc allele 
and therefore pBMM102, encoding rcsCEc, was digested with NcoI/ClaI and ligated with the 
digested N-terminal region of rcsCEc product, resulting in plasmid pWDP779. Similarly, primers 
Ea2 and Ea4 were used to amplify a DNA fragment coding the C-terminal end of rcsCEa, while 
also introducing a ClaI site at the 5'-end of the fragment. This DNA fragment and pBMM102 
was digested with ClaI and XbaI and ligated, resulting in a plasmid pWDP780. The protein 
sequence around the ClaI site (SKSM) in the histidine kinase domain is identical among Erwinia, 
Yersinia and E. coli. All plasmids were sequenced to confirm the integrity of the inserts (Fig. 
4.1). Chimeric constructs for rcsCYp-Ec (pBMM631) and rcsCEc-Yp (pBMM639) have been 
generously provided by Dr. David Clarke (Huang et al., 2010).  
4.2.6 Virulence assays on apple plants and immature pear fruits 
Virulence assays were carried out on annual gala shoots. Briefly, young shoots of 22-25 
cm length were pricked with a needle at the tip and 5 μl of pathogen suspension (OD600 = 0.1) 
was inoculated on the wounded tissue. For each bacterial strain, 6-7 shoots were inoculated. 
Plants were kept in a greenhouse at 25°C and 16 h light photoperiod. The disease severity was 
measured as the average length of the necrotic symptom on apple shoots for up to 8 days. The 
experiment was repeated at least three times with similar results. 
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Virulence and bacterial growth assays on immature pear fruit were performed as 
described previously (Wang et al., 2009). Briefly, wounded fruits were inoculated with 2 μl of 
cell suspensions (OD600 = 0.001), and incubated in a humidified chamber at 26°C. Fruit tissues 
surrounding the inoculation site were excised by using a #4 cork borer as described previously 
(Zhao et al., 2005), and homogenized in 0.5 ml of 0.5 X PBS.  Bacterial growth was monitored 
by dilution-plating on LB medium amended with the appropriate antibiotics.  For each strain 
tested, fruits were assayed in triplicate, and each experiment was repeated at least three times.  
 
4.3 Results 
4.3.1 Comparative in silico analysis of RcsC from enterobacterial species 
The predicted amino acid length of RcsC is 880 (P. stewartii), 933 (E. coli), 948 (S. 
enterica), 957 (Y. pestis) and 987 (E. amylovora). As predicted by SMART program, RcsC 
homologs contain two transmembrane (TM) domains, except for P. stewartii RcsC, which has 
only one TM domain. Multiple sequence alignment (MSA) analysis of RcsC homologs revealed 
that the length variation is mainly due to the variation of amino acid residues in the sensor 
domain (Fig. 4.2). A BLAST search has revealed that E. amylovora RcsC shares 60%, 61%, 57% 
and 66% sequence identity and 75%, 75%, 73% and 80% sequence similarity with those of E. 
coli, S. enterica, Y. pestis and P. stewartii, respectively. The sensor domain of E. amylovora 
RcsC shares 41%, 43%, 39% and 43% sequence identity and 63%, 64%, 64% and 67% sequence 
similarity with those of E. coli, S. enterica, Y. pestis and P. stewartii; the histidine kinase and 
receiver domain of E. amylovora RcsC shares 68%, 68%, 65% and 73% sequence identity and 
80%, 79%, 75% and 84% sequence similarity with those of E. coli, S. enterica, Y. pestis and P. 
stewartii, respectively. These analyses suggest that the histidine kinase and receiver domain of 
RcsC sensor kinase is more conservative than the sensor domain in terms of sequence similarity 
among the five enteric bacteria.  
4.3.2 RcsC suppresses amylovoran production in vitro 
We have previously shown that RcsC negatively regulates amylovoran production in 
vitro (Wang et al., 2009). The rcsC mutant produced about 7-fold more amylovoran compared 
with that of WT at 48 h. Similar effect was observed for rcsCEa cloned in pBMM101 and 
pGEM
®
 T-easy vectors, both partially restored amylovoran production phenotype of the mutant 
(Fig. 4.3B, Ea1 and Ea2). The complemented strains produced less than half of the amylovoran 
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relative to that of the rcsC mutant (Wang et al., 2003). When RcsC was overexpressed in other 
amylovoran-over producing WT or mutants, we observed that over-expression of rcsCEa 
decreased amylovoran production by 50% or more in both WT and mutant strains was observed 
(Fig. 4.3A). These results indicated that RcsCEa acts as a negative regulator for amylovoran 
production in vitro, suggesting that it possessed a net phosphatase activity.  
4.3.3 All RcsC but one chimeric constructs could not restore amylovoran production 
phenotype in the rcsC mutant  
To determine whether amylovoran biosynthesis could be complemented by different 
RcsC homologs and chimeric proteins, bacterial strains were grown in MBMA medium for 48 
hours and amylovoran level was quantified by CPC turbidity assay as described above. In this 
complementation study, all rcsC homologs were not able to complement amylovoran production 
in the rcsC mutant; instead these homolog-complemented strains produced even more 
amylovoran than that of the rcsC mutant (Fig. 4.3B). These results indicate that RcsC homologs 
from other enterobacteria can not complement amylovoran production phenotype in vitro, 
indicating these homologs might have net kinase activity in E. amylovora. 
Amylovoran production of the rcsC mutant complemented by chimeric constructs was 
also determined (Fig. 4.3C). Complemented strains containing rcsCYp-Ec, rcsCEc-Yp and rcsCEa-Ec 
produced higher level of amylovoran than that of rcsC mutant. In contrast, rcsCEc−Ea was able to 
rescue amylovoran production and the complemented strain produced equivalent amount of 
amylovoran to that of the strain expressing rcsCEa. These results indicate that the histidine kinase 
and receiver domains of the Erwinia RcsC were essential for amylovoran production in vitro. 
4.3.4 All but RcsCEc homolog partially rescue virulence of the rcsC
 
mutant in vivo 
We have previously shown that RcsC is required for virulence in E. amylovora (Wang et 
al., 2003). To test whether different RcsC homologs could rescue virulence, virulence of the 
rcsC mutant complemented with different homolog constructs was tested on gala apple shoots. 
Disease severity was measured as the length of symptom progress from the original inoculated 
site for up to 8 days. The WT strain caused visible necrosis around the inoculated site 2 days post 
inoculation (dpi). The disease progressed rapidly along the shoot with an average rate of about 
2.75 cm/day and covered 23.0 cm at 8 dpi (Fig. 4.4 and 4.5A). As expected, the rcsC mutant and 
rcsC mutant complemented with the vector plasmid pBMM101 were not able to cause any 
disease (Fig. 4.4). Both rcsCEa constructs could fully complemented the virulence of the mutant 
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on the gala shoots as expected and the average disease severity was 23.5 and 22.0 cm at 8 dpi 
(Fig. 4.4 and 4.5A, data not shown). Other homologs including rcsCYp, rcsCPs and rcsCSe were 
also able to promote disease development at various degrees, but not as effective as rcsCEa. 
However, the rcsCEc did not restore disease formation in rcsC mutant, suggesting that it could 
not complement the mutant (Fig. 4.4 and 4.5A). 
4.3.5 The sensor domain of RcsCEc affects its ability to complement the rcsC mutant 
To better understand why RcsCEc cannot complement the virulence of the rcsC mutant, 
we constructed several chimeric constructs (Fig. 4.1). To test whether the chimeric rcsC 
constructs could complement the rcsC mutant, virulence test was performed for the rcsC mutant 
harboring different chimeric constructs on gala plants and the disease severity was determined as 
described above. Replacement the sensor domain of rcsCEc with that of rcsCEa or rcsCYp restored 
disease formation and the disease severity was 18.8 and 4.2 cm, respectively (Fig. 4.4 and 4.5B). 
In contrast, when the sensor domain of rcsCEa and rcsCYp was replaced with that from rcsCEc, the 
ability to complement the rcsC mutant to cause disease was completely abolished (Fig. 4.4 and 
4.5B). These results indicate that the sensor (input) domain of RcsC might play an important role 
in the virulence of E. amylovora.  
4.3.6 Impact of RcsC homologs and chimeric constructs on bacterial growth on immature 
pear fruits 
Symptom development and bacterial growth were also monitored on immature pear fruits 
for the rcsC mutant complemented by various homologs and chimeric constructs. As expected, 
the rcsC mutant complemented by both rcsCEa fully restored its virulence and bacterial growth 
(Fig. 4.6A and data not shown). RcsC homologs from Yersinia and Pantoea were also able to 
fully rescue bacterial growth on immature pear fruits, whereas symptom development for rcsCSe 
was slightly delayed and bacterial growth was about 10 x lower at 2 and 3 dpi (Fig. 4.6A, data 
not shown). However, E. coli RcsC was not able to support the growth of rcsC mutant (Fig. 
4.6A). The survival of rcsC mutant containing rcsCEc was similar to that of rcsC mutant or with 
the empty vector (Data not shown).  
Growth of the rcsC mutant complemented with RcsC chimeric constructs was also 
monitored. The rcsCEa-Ec fully restored the ability of rcsC mutant to proliferate on the pear fruits 
and symptom development (Fig. 4.6B and data not shown). Though the rcsCYp-Ec also could 
restored the ability of rcsC mutant to proliferate on the pear fruits, the symptom development 
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was slightly delayed and bacterial growth was about 10 x lower at 2 and 3 dpi (Data not shown). 
Further, the bacterial growth for the rcsC mutant complemented with rcsCEc-Ea was about 100 
folds lower than that of the wild type strain and disease development was greatly delayed (Fig. 
4.6B). However, RcsCEc-Yp was not able to support bacterial growth and disease development 
(Fig. 4.6B). These results, though complicated, suggested that the rcsC sensor domain might 
greatly contribute to the virulence and survival of E. amylovora on immature pear fruits and the 
histidine kinase and receiver domain also play a role. 
 
4.4 Discussion 
Many genetic factors have been reported in regulating amylovoran production in E. 
amylovora, a major virulence factor (Wang et al., 2009; Zhao et al., 2009). One of the major and 
direct regulators for amylovoran production is the Rcs phosphorelay system. We have previously 
demonstrated that mutations in a single rcs gene results in its inability to cause disease. The rcsC 
mutant in particular shows very interesting phenotypes as it produces high level of amylovoran 
in vitro, but the mutant remains non-pathogenic on host plants. In this study, we have further 
characterized the RcsC sensor kinase and its homolgs from several enteric bacteria. Our results 
provided strong evidence that the RcsC kinase has both phosphatase and kinase activities and 
these activities play a major role in its ability to control amylovoran production in vitro and 
disease development in vivo. Our results have also demonstrated that only the chimeric protein 
RcsCEc-Ea could complement the amylovoran production in rcsC mutant in vitro, whereas several 
homologs and RcsCYp-Ec and RcsCEa-Ec chimeric constructs could partially complement the 
virulence of the rcsC mutant on apple shoot. These results indicate that the sensor domain of 
RcsC might be important for regulating bacterial virulence, whereas the histidine kinase and 
receiver domain of Erwinia RcsC may be essential for suppressing amylovoran production in 
vitro. Moreover, these findings also suggest that an unknown in planta signal may be involved in 
this process and plant materials with different resistance may also play a role during this 
interaction. 
It has been shown that amylovoran biosynthesis in E. amylovora WT strain is induced in 
planta and the RcsC sensor kinase is required for this process (Wang et al., 2009). Expression of 
the amsG gene is lower in the rcsC mutant than in the WT strain, thus suggesting that RcsC 
might possess net kinase activity during plant infection. However, under normal growth either in 
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LB or minimum media, expression of the amsG gene (and thus amylovoran production) is higher 
in the rcsC mutant than in the WT strain. This suggests that RcsC with net phospatase activity 
acts as a suppressor of ams gene expression and amylovoran production. It has also been 
reported that RcsC in E. coli has a dual function in transferring a phosphoryl group to RcsB (as 
kinase) or by removing a phosphate from RcsB, in which it acts as a phosphatase (Majdalani and 
Gottesman, 2005). However, it remains unclear how RcsC has different functions in planta and 
in vitro. One possibility is that the kinase to phosphatase ration may change for the RcsC protein 
during plant infection. Plant infection may activate some unknown mechanisms to suppress 
phosphatase activity of the RcsC protein in planta so that the kinase activity of the RcsC protein 
becomes dominant. It is also possible that, during plant infection, the phosphoryl group transfer 
reactions from RcsC to RcsD and then RcsC maybe much stronger than the reversible reactions. 
Host signals that trigger the phosphorelay reactions may play a role in the function of the RcsC 
protein by continuously activating this system (pressure), which is lacking in the in vitro 
condition. Evidence to prove these hypotheses may help elucidate the nature of such in planta 
signals. 
Our results further confirms the net phosphatase activity of RcsC sensor kinase in liquid 
medium as it reduces amylovoran production in grrS, grrA, envZ, ompR and hns mutants. These 
results also indicate that impact of RcsC on amylovoran biosynthesis is independent of the 
signaling pathways controlled by GrrS/GrrA, EnvZ/OmpR and H-NS and may be more direct. 
This is consistent with the idea that the Rcs phosphorelay system is the most downstream 
pathway in the regulation of amylovoran biosynthesis in E. amylovora. It has been proposed that 
the phosphatase activity of RcsC is largely relying on the phosphoreceiver domain. Point 
mutation studies show that RcsC phosphatase activity requires D859 in the phosphoreceiver 
domain but is largely independent of H463 in the histidine kinase domain in E. coli (Clarke et 
al., 2002). Our results partially support this hypothesis that only the chimeric protein RcsCEc-Ea 
containing the phosphoreceiver domain of E. amylovora RcsC fully restores amylovoran 
production in rcsC mutant. Our results have also demonstrated that all RcsC homologs cannot 
complement amylovoran production in rcsC mutant, suggesting low functional conservation in 
the phosphoreceiver domain between E. amylovoran and other homologs, pointing to different 
net phosphatase activities or even net kinase activities in vitro. These results further confirm 
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previous reports of a different net kinase activity for the RcsC proteins of various sources, i. e. 
different kinase to phosphatase ratio (Huang et al., 2010). 
Although RcsC from Yersinia, Pantoea and Salmonella were not able to complement 
amylovoran production in vitro, they partially restored bacterial virulence in the Erwinia rcsC 
mutant in planta. Our knowledge on how RcsC homologs affecting amylovoran production in 
vivo is hindered by our inability to measure amylovoran production in these conditions due to 
technical difficulties. In immature pear fruit assay, similar amount of ooze production was 
observed between WT and strains complemented by RcsC from Yersinia, Pantoea and 
Salmonella, suggesting they may synthesize similar level of amylovoran in vivo (data not 
shown). Similar results were also observed between two different WT strains. Ea273 produced 
more than 10 times higher amylovoran than that produced by Ea1189 in vitro, whereas the two 
strains produced similar amount of amylovoran in immature pear fruits and caused similar 
disease on immature pear fruit (Wang et al., 2010).  
It is likely that, upon receiving signals from plants, all RcsC homologs might all act as 
kinases to promote the expression of ams genes and amylovoran production. It is also possible 
that the phosphoreceiver domains of E. amylovora RcsC homologs behave differently under in 
vitro and in vivo conditions (i. e. different kinase to phosphatase ration). Interestingly, we found 
that homologs from pathogenic strains (plant or human and animals) could rescue the virulence 
phenotype of the rcsC mutant on apple shoot, only homolog of non pathogenic one (E. coli K-
12) could not do so, thus suggesting there may be some unknown mechanisms involved in this 
process.  
Several domain swapping studies has revealed the essential role of the sensor domain for 
sensing signals (Heermann et al., 2009; Huang et al., 2009; Iannelli et al., 2005). In E. coli, the 
KdpD sensor kinase regulates the expression of the kdpFABC operon, which encodes the high 
affinity K
+
 transport system. Domain swapping studies using KdpD homologs from E. coli, S. 
enterica, A. tumefaciens and P. aeruginosa have demonstrated that full response to salt stress is 
only achieved with the chimerical constructs that contains the E. coli KdpD sensor domain 
(Heermann et al., 2009). The functional variability of the sensor domain has also been observed 
within a single bacterial species (Iannelli et al., 2005). In Streptoccoccus pneumoniae, ComD 
sensor kinase responds to pheromone competence stimulating peptide (CSP) and phosphorylates 
the response regulator ComC (Iannelli et al., 2005). In 17 sequenced S. pneumoniae strains, 
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ComD have four types of divergent sequences in its first 70 residues. Further studies have shown 
that these different sensor domains appear to sense two different types of signal peptides 
(Iannelli et al., 2005). Similarly, a chimeric protein composed of the sensor domain of E. coli K-
12 RcsC and the histidine kinase and receiver domain of Y. pestis is able to fully restore biofilm 
formation in E. coli (Huang et al., 2009). Our results showed that the sensor domain of 
RcsCEp/RcsCYp is required for RcsCEc to be able to complement the rcsC mutant of E. amylovora 
to cause disease. Since E. coli K-12 is not a pathogen, our results suggest that the sensor domain 
of RcsC may have been evolved during evolution so that it can sense specific host signals. 
Although this host signal is still unknown, it is tempting to speculate that this signal may be 
common among animal and plant hosts. Further studies are needed to identify such signals, 
which may provide clues for disease control.  
Taken together, our results indicate the functional modularity within the RcsC sensor 
kinase. The sensor domain of RcsC may be important for regulating bacterial virulence; whereas 
the histidine kinase and receiver domains of Erwinia RcsC may be essential for amylovoran 
production in vitro by acting as phosphatase. Our future work will be focused on identifying 
sequences/residues in the sensor domain that are involved in the regulation of bacterial virulence, 
and signals that are sensed by RcsC during host infection.   
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TABLES 
 
Table 4.1 Bacterial strains, plasmids, and primers used in this study 
Strains, plasmids or 
primers 
Relevant characters or sequences (5‘—3‘)a Reference or source 
Erwinia amylovora 
       Ea1189 
 
Wild type, isolated from apple 
  
Burse et al., 2004 
       Ea273 Wild type, isolated from apple  Wang et al., 2010  
       Z3207ΔrcsC KmR-insertional mutant of rcsC of Ea1189, KmR Wang et al., 2009 
       Z0271ΔompR KmR-insertional mutant of ompR of Ea1189, KmR Zhao et al., 2009 
       Z0270ΔenvZ KmR-insertional mutant of envZ of Ea1189, KmR Zhao et al., 2009 
       Z0270–71                   
      ΔenvZ/ompR 
KmR-insertional mutant of envZ-ompR operon of 
Ea1189, KmR 
Zhao et al., 2009 
      Z2198ΔgrrA KmR-insertional mutant of grrA of  Ea1189, KmR Zhao et al., 2009 
      Z3742ΔgrrS KmR-insertional mutant of grrS of  Ea1189, KmR Zhao et al., 2009 
      Z2797Δhns KmR-insertional mutant of hns of  Ea1189, KmR This study 
E. coli 
   DH10B F- mcrA ∆(mrr-hsdRMS-mcrBC) Φ80lacZ∆M15 
∆lacX74 recA1 endA1 ara∆139 ∆(ara, leu)7697 
galU galK λ - rpsL (StrR) nupG 
Invitrogen 
Plasmids 
     pGEM ® T-easy ApR, PCR cloning vector Promega  
     pWDP2 3.88-kb PCR fragment containing rcsCEa gene in 
pGEM T-easy vector  
Wang et al., 2009 
     pWDP782 3.41-kb PCR fragment containing rcsCPs gene in 
pGEM T-easy vector 
This study 
     pBMM101 
 
ApR, pTrc99a-derivative plasmid carrying a c-myc 
epitope tag  
Clarke et al., 2002 
     pBMM102 rcsCEc in pBMM101 Clarke et al., 2002 
     pBMM631 rcsCYp-Ec in pBMM101 Huang et al., 2009 
     pBMM639 rcsCEc -Yp in pBMM101 Huang et al., 2009 
     pWDP777 rcsCEa in pBMM101 This study 
     pWDP778 rcsCYp in pBMM101 This study 
     pWDP781 rcsCSe in pBMM101 This study 
     pWDP779 rcsCEa-Ec in pBMM101 This study 
    pWDP780 rcsCEc-Ea in pBMM101 This study 
Primersb 
   Ea1 TCGAGCCATGGCCGGGATAACTGGCTTTTTCT(NcoI) 
   Ea2 ATAGCTCTAGACGCAACCTGTTACTTAGCGCT(XbaI) 
   Ea3 CAGAAACATCGATTTAGACTGGCTTGC(ClaI) 
   Ea4 AAACATCGATGTTCCTGGCGACCGTTA(ClaI) 
   Yp1 TCGAGCCATGGTTTTTCATGGTATCCGATTG(NcoI) 
   Yp2 ATAGCTCTAGACGTGATCGCCGTACTTGGTC(XbaI) 
   Se1 TCGAGCCATGGAATACCTTGCTTCCTTTCGAAC (NcoI) 
   Se2 ATAGCTCTAGAGCCCGCGTTTTACGTACCCGC (XbaI) 
   Ps1 TGGTAAGAACCCGTGTCTCC  
   Ps2 TCGACAAAGAGTAAGTTTTCAGG  
a 
Km
R
 and Ap
R
 = kanamycin and ampicillin resistance, respectively. 
b
Underlined nucleotides are restriction sites added and the restriction enzymes are indicated at 
the end of primers. 
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FIGURES 
 
Figure 4.1 A schematic map showing the domain architecture of RcsC homologs from 
different enteric bacteria 
                                
 
RcsC homologs are from E. coli K-12 (RcsCEc), E. amylovora (RcsCEa), Y. pestis (RcsCYp), S. 
enterica (RcsCSe), P. stewartii (RcsCPs) and four chimeric RcsC constructs used in this study. 
The ClaI restriction site and the residues involved in the phosphorelay (H: histidine and D: 
Aspartate, respectively) are indicated. Numbers indicate the position of individual residues. HK: 
histidine kinase; pBMM102: rcsCEc; pDPW777: rcsCEa,; pWDP778: rcsCYp; pWDP781: rcsCSe; 
pWDP782: rcsCPs; pWDP779: rcsCEa-Ec; pWDP780: rcsCEc-Ea, pBMM631: rcsCYp-Ec and 
pBMM639: rcsCEc-Yp. 
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Figure 4.2 Amino acid sequence alignment of the RcsC sensor (input) domain from five 
enterobacterial strains 
 
 
Deduced amino acid sequences were obtained from NCBI and aligned by ClustalW program 
(www.ebi.ac.uk/Tools/clustalw2). Identical and similar residues are shown as underneath 
symbols *, : and ., respectively. Gaps introduced for alignment are indicated by dashes. 
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Figure 4.3 Amylovoran production of the wild type, mutant and complemented strains 
 
 
 
 
 
A. Amylovoran production of the wild type and mutant strains with or without expressing rcsCEa 
(pWDP2 or pWDP777). B. Amylovoran production of WT, rcsC mutant and complementation 
strains. vector: ΔrcsC (pBMM101), Ea1: ΔrcsC (pWDP2), Ea2: ΔrcsC (pWDP777), Ec: ΔrcsC 
(pBMM102), Se: ΔrcsC (pWDP781), Yp: ΔrcsC (pWDP778) and Ps: ΔrcsC (pWDP782). C. 
Amylovoran production of WT, rcsC mutant and rcsC mutant harboring chimeric constructs. Ea-
Ec: ΔrcsC (pWDP779), Ec-Ea: ΔrcsC (pWDP780), Yp-Ec: ΔrcsC (pBMM631), Ec-Yp: ΔrcsC 
(pBMM639). Bacterial strains were grown in MBMA media with 1% sorbitol for 48 hours at 
28°C with shaking. The amount of amylovoran was measured with the CPC assay and 
normalized to a cell density of 1. Data points represent the means of three replicates ± standard 
deviations. Similar results were obtained in three independent experiments.  
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Figure 4.4 Virulence tests of E. amylovora WT, rcsC mutant and rcsC mutant harboring 
different rcsC constructs on gala apple shoots 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Vector: ΔrcsC (pBMM101), rcsCEa: ΔrcsC (pDPW777), rcsCEc: ΔrcsC (pBMM102), rcsCSe: 
ΔrcsC (pWDP781), rcsCPs: ΔrcsC (pWDP782), rcsCYp: ΔrcsC (pWDP778). rcsCEa-Ec: ΔrcsC 
(pWDP779), rcsCEc-Ea: ΔrcsC (pWDP780), rcsCYp-Ec: ΔrcsC (pBMM631) and rcsCEc-Yp: ΔrcsC 
(pBMM639). Symptoms were shown for WT, rcsC mutant and complementation strains at eight 
days post inoculation. 
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Figure 4.5 Disease severity of different strains on apple shoots 
 
                                        
 
A. Disease severity of WT, rcsC mutant and complementation strains on apple shoots. B. 
Disease severity of WT and rcsC mutants harboring chimeric constructs. Length of disease 
progress was monitored at 2, 4, 6 and 8dpi.  Similar results were obtained in repeated 
independent experiments.  
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Figure 4.6 Bacterial growth of E. amylovora WT, rcsC mutant and complementation strains 
of the rcsC mutant on immature pear fruits 
 
 
A. rcsC mutant complemented with rcsC homologs. B. rcsC mutant complemented with 
chimeric constructs. Growth of bacterial strains was monitored at 0, 1, 2, 3, and 4 days post 
inoculation.  Similar results were obtained in repeated independent experiments. pBMM102: 
rcsCEc; pDPW777: rcsCEa,; pWDP778: rcsCYp; pWDP781: rcsCSe; pWDP782: rcsCPs; 
pWDP779: rcsCEa-Ec; pWDP780: rcsCEc-Ea, pBMM631: rcsCYp-Ec and pBMM639: rcsCEc-Yp. 
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CHAPTER 5 
GENOME-WIDE IDENTIFICATION OF GENES REGULATED BY THE RCS 
PHOSPHORELAY SYSTEM IN ERWINIA AMYLOVORA 
Abstract 
One of the major virulence factors in Erwinia amylovora, the causal agent of fire blight 
of apple and pears, is the exopolysaccharide amylovoran. We have previously demonstrated that 
amylovoran biosynthesis is positively controlled by the RcsCDB phosphorelay system, which is 
essential for virulence. We have also found that RcsC, a sensor kinase, differentially regulates 
amylovoran production in vivo and in vitro. To further understand how the Rcs system regulates 
virulence genes of E. amylovora, we conducted genome-wide microarray analyses to determine 
the regulons of RcsB and RcsC. Our array analyses identified a total of 680 genes differentially 
regulated by the RcsCB regulon both in vitro and in vivo. About 12 genes were commonly 
regulated by RcsB and RcsC in both conditions, representing ―core‖ genes controlled by the 
RcsCDB system. Consistent with our previous findings, we confirmed that, while RcsB acted as 
a positive regulator in both conditions, RcsC positively controlled amylovoran biosynthetic gene 
expression in vivo, but negatively in vitro. Other virulence traits such as the type III secretion, 
chemotaxis, levansucrase and flagellar genes were also regulated by the Rcs system. Based on 
our findings, a working model has been proposed to elucidate how the Rcs phosphorelay system 
regulates gene expression in E. amylovora.  
 
5.1 Introduction 
Erwinia amylovora, the causal agent of fire blight disease, causes annual economic losses 
of over 100 million dollars in the U.S. A distinctive feature of this bacterium is the production of 
the exopolysaccharide amylovoran, one of the main virulence factors (Bellemann and Geider, 
1992). Amylovoran is a large heteropolymer composed of a repeating unit of galactose, glucose, 
and pyruvate residues (Nimtz et al., 1996). Genes involved in amylovoran biosynthesis and 
secretion are located at an 16-kb genomic island (Bugert and Geider, 1995). The 12 genes, from 
amsG to amsL, are transcribed as a single operon and are driven by the ams promoter in front of 
the first gene amsG. Mutant strains deficient in the amylovoran production are non-pathogenic 
(Wang et al., 2009). Studies have revealed multiple functions for the roles of amylovoran in fire 
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blight infection including plugging plant vascular tissues, movement through cortical tissue, 
stress resistance, and biofilm formation (Koczan et al., 2009; Sjulin and Beer, 1978; Vanneste, 
2000).  
Another major virulence system in E. amylovora is the type III secretion system (T3SS) 
and associated effector genes. The T3SS gene cluster is strictly required for the bacterium to 
elicit hypersensitive response (HR) in non-host plants and cause disease in hosts. It has been 
proposed that the cytoplasmic protein HrpX senses plant signals and phosphorylates HrpY, 
which in turn phosphorylates the sigma 54 enhancer-binding protein HrpS (Wei et al., 2000). 
HrpS is capable of activating the expression of the master regulator hrpL, a member of the ECF 
subfamily of sigma factors. HrpL recognizes conserved promoter motifs (hrp boxes) of structural 
genes and genes whose protein products are secreted via the T3SS (Wei and Beer, 1995). These 
secreted proteins such as DspE and HrpN play critical roles for E. amylovora virulence 
(Bogdanove et al., 1998; Wei et al., 1992). 
Two component signal transduction systems (TCSTs) are used by bacteria to sense 
internal and external conditions by regulating a wide array of genes including virulence genes 
(Hoch and Silhavy, 1995). The Rcs phosphorelay system is an atypical TCST, as it is composed 
of three proteins, RcsC, RcsD and RcsB. The membrane-localized RcsC sensor kinase is a 
hybrid sensor protein and upon stimulation, RcsC autophosphorylates a conserved histidine 
residue of the histidine kinase domain. Then the phosphoryl group is transferred to an aspartate 
of the receiver domain, which then activates the Rcs phosphorelay system through RcsD, another 
membrane-localized protein, and RcsB, the response regulator. Upon phosphorylation, RcsB 
binds to DNA and regulates gene expression. It has been reported that RcsC also exhibits 
phosphatase activity in enterobacteria (Clarke et al., 2002). In E. coli, the loss of RcsC function 
results in phenotypes such as increased mucoidy and decreased motility due to elevated phospho-
RcsB levels (Fredericks et al., 2006). The net direction of the flow of phosphoryl groups and the 
strength of the output from this signaling pathway is modulated by different environmental 
signals as well as other periplasmic proteins such as DjlA and DsbA (Clarke et al., 2002). Our 
previous study has shown that the Rcs phosphorelay system in E. amylovora is essential for 
regulating bacterial virulence in E. amylovora (Wang et al., 2009). The rcsB and rcsD mutants 
are deficient in amylovoran production and cannot cause disease on host plants. Although the 
rcsC mutant produces high levels of amylovoran in vitro, it is non-pathogenic on host plants.  
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In addition to colanic acid production, the Rcs phosphorelay also regulates motility in E. 
coli. It is well-documented that the flhDC is the master regulator of flagella biosynthesis, and 
swarming motility (Francez-Charlot et al., 2003). Products of the flhDC genes positively regulate 
either second (such as fliA) or third (such as fliC) class genes for flagella biosynthesis (Fraser and 
Hughes, 1999). The response regulator RcsB functions as a negative regulator of motility by 
binding to the flhDC promoter acting as a repressor (Francez-Charlot et al., 2003). However, it 
remains unclear how RcsB regulates flhDC expression in E. amylovora.  
A microarray study has revealed that expression of over 150 genes is controlled by RcsC 
in E. coli (Ferrières and Clarke, 2003). Interestingly, 50% of these genes encode proteins that are 
either localized to the envelope of E. coli, such as antigen 43 and curli genes, or have activities 
that affect properties of the bacterial envelope, such as exopolysaccharide biosynthetic genes. 
Collectively, these results suggest that RcsC plays a critical role in remodeling the bacterial 
surface. 
Although our previous studies have indicated ams as part of the RcsB and RcsC regulons 
(Wang et al., 2009, 2011), no comprehensive transcriptome analysis has been done in Erwinia. 
In this study, we performed a genome-wide E. amylovora microarray assays to identify the RcsB 
and RcsC regulons in minimal medium and on immature pear fruits. Based on our microarray 
results, we expanded the knowledge of the RcsB and RcsC regulons, with genes related to 
energy metabolism, amino acid biosynthesis, protein biosynthesis, and transport all being 
affected.  
 
5.2 Materials and methods 
5.2.1 Bacterial strains and culture media 
The E. amylovora wild type strain Ea1189 and rcsB and rcsC mutants are used (Zhao et 
al. 2009). Primers used in this study are listed in Table 5.1. LB broth and MBMA minimal 
medium (3 g KH2PO4, 7 g K2HPO4, 1 g [NH4]2SO4, 2 ml glycerol, 0.5 g citric acid, 0.03 g 
MgSO4) plus 1% sorbitol (Bellemann et al., 1994) are routinely used for culture of E. amylovora. 
For culturing rcsB and rcsC mutants, 50 µg ml
-1 
kanamycin was added to the media.   
5.2.2 RNA extraction 
Bacterial strains were cultured overnight in LB medium supplemented with or without 
antibiotic and diluted in 5 ml MBMA medium to an OD600 of 0.005. After 18 h, 2 ml RNA 
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Protect Reagent (Qiagen) was mixed with 1 ml bacterial culture (at OD600 0.5-0.8) to stabilize 
RNA. For in vivo microarray analysis, bacterial strains were inoculated onto immature pear fruits 
by cutting the fruit in half, and adding the bacterial suspensions directly on the cut surface. For 
rcs mutants, several pear slices were inoculated to recover a sufficient quantity of bacterial cells 
for RNA extraction. After incubation at 28 °C for up to 18 h, bacterial cells were collected by 
washing with a solution containing 2 ml RNA Protect Reagent (Qiagen) and 1 ml water. 
Cells were harvested by centrifugation for 10 min at 4000 × g and RNA was extracted 
using a Qiagen Bacterial RNA Mini Kit as recommended by the manufacturer (Qiagen, Hilden, 
Germany). On-column DNA digestion was performed using Qiagen DNase. RNA integrity was 
evaluated using the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).  
5.2.3 Microarray hybridization and data analysis 
Ten µg of total RNA from each samples were reverse transcribed and labeled by Alexa 
Fluor dye 555 (fluorescence at the same wavelength as Cy3 dye) using the FairPlay III 
Microarray Labeling Kit (Stratagene, La Jolla, CA, USA) according to manufacturer‘s 
instruction, except that purification steps were performed using the QIAquick PCR Purification 
Kit (Qiagen, Hilden, Germany). The 60-mer E. amylovora microarray (8 x 15K) was purchased 
from Agilent. Hybridizations were performed using 600 ng Fluor dye 555-labeled cDNA in the 
presence of a 2× Hybridization Buffer (Agilent Technologies) for 17 hours at 65°C, in a rotating 
oven (10 rpm). The slides were then washed for one min in Gene Expression Wash Buffer 1 
(Agilent Technologies) at room temperature, and another one min in Gene Expression Wash 
Buffer 2 (Agilent technologies, Santa Clara, CA, USA) at 37°C. Slides were scanned using an 
Axon 4000B Scanner at 5-µm resolution. PMT voltages were automatically adjusted using the 
Genepix Pro 6.0 software acquisition system to obtain maximal signal intensities with < 0.02% 
probe saturation. The resulting 16 bit images were processed using the GenePix Pro 6.0 image 
analysis software (v6.0.1.26). Raw data were logarithmically transformed and normalized using 
the glowess method by R software (R.2.2.1).  
Statistical comparisons were performed using multiple testing procedures to evaluate 
statistical significance for differentially expressed genes. A modified t-test was computed to 
measure the significance associated with each differential expression value. A gene expression 
value was deemed significantly different when the p-value was less than 0.05 (except otherwise 
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mentioned) and the expression ratio was ≥ 2.0 or ≤ 0.5. Gene functions were assigned using data 
from NCBI (http://www.ncbi.nlm.nih.gov). 
5.2.4 Quantitative reverse-transcribed PCR (qRT-PCR) 
One microgram of total RNA was reverse-transcribed in a 20 µl final reaction volume 
using SuperScript® III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA). For each 
sample, a negative reverse transcription reaction was conducted to verify the absence of genomic 
DNA contamination in subsequent qRT-PCR. Primer sequences (Table 5.1) were designed using 
Primer3 (http://frodo.wi.mit.edu/primer3/). BLAST searches were performed to confirm gene 
specificity and the absence of multiple loci matching the primer sequences. SYBRGreen 
reactions were performed using the ABI 7300 System (Applied Biosystems) in 96-well optical 
reaction plates. 1 µl of cDNA (100 ng/reaction), or water (no-template control) were used as 
template for qPCR reactions with Fast SYBR Green PCR Master Mix (Applied Biosystems) and 
primers at 500 nM final concentration. Primer pairs 16S3-16S4, amsG1-amsG2, amsC1-amsC2, 
amsD1-amsD2, rcsA1-rcsA2, rcsB1-rcsB2, rcsC1-rcsC2, dspE1-dspE2 and hrpN1-hrpN2 were 
used to detect expression of rrsA, amsG, amsC, amsD, rcsA, rcsB, rcsC, dspE and hrpN genes, 
respectively (Table 5.1). qRT-PCR amplifications were carried out as follows: 50°C for 2 min, 
95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min, and a final 
dissociation curve analysis step from 65°C to 95°C. Technical replicate experiments were 
performed for each biological triplicated sample. Determined Ct values were then exploited for 
further analyses. 
Gene expression levels were analyzed using the relative quantification (delta delta-Ct 
method). A 16s rDNA rrsA was used as a housekeeping gene to normalize samples. A relative 
quantification (RQ) value was calculated for each gene with the control group used as a 
reference. A p-value was computed using a moderated t-test to measure the significance 
associated with each RQ value. Variations were statistically significant when the p-value was < 
0.05. RQ values for rcsB and rcsC mutants were then normalized to those of WT. 
5.3 Results 
5.3.1 Number of genes differentially expressed in rcsB and rcsC mutants 
Previously, it has been shown that the rcsB mutant was deficient in amylovoran 
production and could not cause disease on host plants; whereas the rcsC mutant produces high 
levels of amylovoran in vitro compared with the WT strain, but remains non-pathogenic on host 
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plants (Wang et al., 2009, 2011).  Therefore, it was proposed that in E. amylovora, the RcsC 
protein contains a net  kinase activity to promote amylovoran production during immature pear 
fruit infection by sensing an unknown plant signal, whereas it posseses  a net phosphatase 
activity to suppress amylovoran synthesis in minimal medium (Wang et al., 2009, 2011). In this 
study, both pear fruits and MBMA medium were selected to explore the rcsC and rcsB regulons 
of E. amylovora as in vivo and in vitro conditions.  
In order to identify the rcsC and rcsB regulons, microarray analyses were conducted that 
compared expression of the profiles of rcsC, rcsB mutants, and wild-type strain Ea1189. 
Expression levels of rcsB and rcsC in respective mutants were as we previously reported (Table 
5.2) (Wang et al., 2009). Further analysis revealed that 111 and 83 genes were differentially 
expressed at the transcriptional level for the rcsB mutant on immature pear fruits and in MBMA 
medium, respectively (Fig. 5.1). For the rcsC mutant, 77 genes showed significant changes in 
expression on pear fruits, and 580 genes were differentially expressed in MBMA medium (Fig. 
5.1).  
5.3.2 Functional classification of differentially expressed genes 
A total of 680 genes belonging to the rcsBC regulon were identified, which was further 
classified into 18 functional categories based on JCVI annotations (Fig. 5.2). Previous 
microarray studies in E. coli have shown that a significant number of cell envelope genes were 
controlled by the Rcs phosphorelay system (Ferrieres and Clarke, 2003). This is consistent with 
results obtained in this study as 71 cell envelope genes were differentially expressed in either 
rcsB or rcsC mutant. Over 70 genes involved in citric acid cycle, polysaccharide biosynthesis, 
and electron transportat were also significantly affected. About 32.6% (222 of 680) of the rcs 
regulons belonged to hypothetical proteins, or were unclassified or of unknown function. 
5.3.3 Defining the commonly regulated genes by RcsB and RcsC  
To gain more insight into the regulatory mechanism of RcsB and RcsC, we compared 
differentially expressed genes of the rcsC and rcsB mutants grown under in vivo and in vitro 
conditions. As shown in Fig. 5.3A, a total of 129 genes were identified for RcsBC during pear 
fruit infection. Among these, 48 genes were commonly regulated by both rcsC and rcsB mutants.  
Within these, 29 genes were down-regulated, including polysaccharide biosynthetic and 
regulatory genes (ams, glaE, galF, rcsA and wbaP), and a cell wall biosynthetic gene (mltE). 
Whereas, 19 genes were up-regulated, including amino acid biosynthetic genes (trpCDE and 
77 
 
tyrA), transporter genes (proVX, pstCS and ugpBC), and regulatory genes (glnK and phoB) 
(Tables 5.2 and 5.3).  
In MBMA medium, a total of 609 genes appeared to be affected by rcsBC genes. Among 
the 609 genes, 54 genes were commonly regulated in both rcsC and rcsB mutants (Fig. 5.3B). 
One group of 32 genes were down-regulated in both rcsB and rcsC mutants (Table 5.4). 
Interestingly, this group contains many hrp genes including hrpL, thus suggesting that both RcsB 
and RcsC promote T3SS gene expression in vitro. A second group genes including amylovoran 
biosynthetic genes and rcsA were down-regulated in rcsB mutant, but up-regulated in rcsC 
mutant (Table 5.2 and 5.4). The third group of five genes were up-regulated in both rcsC and 
rcsB mutants (Table 5.4). 
5.3.4 Genes commonly regulated by RcsB or RcsC in vitro and in vivo 
A total of 173 genes belonging to the rcsB regulon were detected under both in vitro and 
in vivo conditions (Fig. 5.3C). Among these, 21 genes (12.1% of the total genes) were decreased 
in abundance both in vivo and in vitro. These genes include ams operon genes, rcsA, oxyR, and 
wbaP, as well as eight putative genes (EAM_1483, EAM_2937, EAM_0510, EAM_0255, 
EAM_2938, EAM_0511, EAM_2260 and EAM_3434) (Table 5.2).  
In contrast, 640 genes belonging to the rcsC regulon were identified under both in vitro 
and in vivo conditions (Fig. 5.2D). Only 17 genes were commonly regulated. Interestingly, 16 of 
the 17 genes exhibited inversely correlated expression patterns, including 12 that decreased in 
abundance in rcsC mutant on pear fruits, but increased in rcsC mutant in MBMA medium. These 
genes were ams biosynthetic genes (Table 5.2), rcsA, wbaP, and osmB and the membrane protein 
EAM_0255. Four genes involved in amino acid biosynthesis including hisD, trpC, trpD, and 
trpE were significantly increased in expression level in the rcsC mutant on pear fruits, but 
decreased in the rcsC mutant in MBMA medium. Only one gene EAM_2937 (and EAM_2938) 
encoding a disulfide bond formation membrane protein was decreased in both conditions.  
5.3.5 Genes commonly regulated by RcsBC in both conditions 
 Further analyses revealed that only 12 genes were differentially expressed in all four 
combinations (Table 5.2). Nine of the these genes were amylovoran biosynthetic or regulatory 
genes including amsA, amsB, amsC, amsE, amsF, amsG, amsH, amsI, and rcsA (Table 5.2). The 
other genes were wbaP (a polysaccharide biosynthetic gene) as well as two membrane proteins 
(EAM_0255 and EAM_2937). Interestingly, a BLAST search revealed that both proteins were 
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only found in E. amylovora and a close relative E. pyrifoliae, a pear tree pathogen found in Japan 
and South Korea.  
5.3.6 Amylovoran biosynthetic and regulatory genes 
In a previous study, the rcsB mutant was found to be deficient in amylovoran production; 
whereas, the rcsC mutant produced high level of amylovoran compared with the wild type 
(Wang et al., 2009, 2011). Consistent with these observations, ams genes were down-regulated 
in the rcsB mutant but up-regulated in rcsC mutant in MBMA medium (Table 5.2). Moreover, 
two additional amylovoran biosynthetic genes, galE and galF, were also down-regulated in the 
rcsB mutant but up-regulated in rcsC mutant in MBMA medium. These results confirmed 
previous findings (Wang et al., 2009, 2011) that RcsB and RcsC acted as positive and negative 
regulators of amylovoran production under liquid media condition. RcsA is an important rate 
limiting regulator of amylovoran biosynthesis in E. amylovora (Bernhard et al., 1990). This 
analysis also revealed that the expression of rcsA was significantly up-regulated in the rcsC 
mutant, but down-regulated by six-fold in the rcsB mutant compared to the wild type (Table 5.2). 
These results suggest that the impact of RcsB and RcsC on amylovoran production is mediated 
by regulating rcsA expression. In contrast to the regulatory roles of RcsB and RcsC on 
amylovoran production, expression of ams genes was down-regulated in both the rcsB and rcsC 
mutants in vivo. These results suggest that both RcsC and RcsB act as positive regulators to 
promote ams gene expression during immature pear fruit infection. 
5.3.7 T3SS genes are regulated by RcsBC in vitro 
The T3SS cluster appeared to be also affected by rcs genes in vitro. A total of 18 and 7 
T3SS genes were down-regulated in rcsC and rcsB mutants in MBMA medium, respectively. 
These genes included both structural genes such as hrpA and effector genes including hrpN, 
avrRpt2, dspE, and hrpW. In a previous study, rcs mutants caused hypersensitive response 
similar to those elicited by the wild type (Wang et al., 2009). Consistent with these findings, 
T3SS genes did not show significant changes in rcs mutants under in vivo conditions, except for 
hrpW which decreased by two-fold in the rcsB mutant.  
5.3.8 Validation of microarray data by quantitative real-time PCR (qRT-PCR) 
To validate microarray data, a two-step qRT-PCR was used to verify microarray results. 
Eight genes including rcsA, amsG, amsC, amsD, glgB, glgC, dspE, and hrpN were evaluated. 
The resulting transcriptional ratio from qRT-PCR analysis was compared with the average ratio 
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values obtained by microarray analysis (Fig. 5.4). In general, gene expression patterns were 
similar between microarray and qRT-PCR. 
5.3.9 Chemotaxis and motility genes 
It has been reported that RcsB negatively regulates the expression of flhD and flhC genes 
by binding to the promoter of the flhDC operon as a suppressor in E. coli (Majdalani and 
Gottesman, 2005). Consistent with these findings, flhD and flhC were up-regulated by 3-4 fold in 
the rcsB mutant in vivo. In MBMA medium, expression of the flhDC was not significantly 
different in the rcsB mutant. In contrast, both flhD and flhC genes, as well as 23 flagellar genes, 
decreased at least 2-fold in the rcsC mutant in MBMA medium. Furthermore, chemotaxis genes 
such as motA and motB encoding flagellar motor proteins, cheA encoding chemotaxis histidine 
protein kinase, and cheY encoding chemotaxis response regulator were all significantly decreased 
in the rcsC mutant in MBMA medium.  
5.3.10 Amino acid biosynthesis 
A total of 43 genes related to amino acid biosynthesis showed altered expression. These 
included seven histidine biosynthetic genes (hisABCDFGH), three for valine, leucine and 
isoleucine biosynthesis (leuABL), eight for cysteine and methionine metabolism 
(metEFIJKNQR), and six for phenylalanine, tyrosine and tryptophan biosynthesis (trpBCDEGH). 
All of these genes were down-regulated in the rcsC mutant in MBMA. Whereas, arginine and 
proline metabolism (argB), isoleucine biosynthesis (ilvC) and alanine, aspartate and glutamate 
metabolism (asnB) showed over 2 to7 fold increase in rcsC mutant. However, under in vivo 
conditions, however, genes involved in phenylalanine, tyrosine, and tryptophan biosynthesis 
(trpBCDEGR and tyrA) as well as asnB, glnA, glnK, hisD, leuA, leuB, livJ and lysS were 
significantly increased in both rcsB and rcsC mutants.  
5.3.11 Signal transduction and regulation 
Several genes belonging to the two-component systems showed differential expression. 
Both OmpR and HrpS were negative regulators of amylovoran production (Zhao et al., 2009). In 
this study, expression of ompR and hrpS genes was down-regulated around 2-3 fold in the rcsC 
mutant in MBMA medium, this partially explained the negative impact of rcsC on amylovoran 
production. In addition, down-regulation of hrpS transcripts resulted in the lower levels of 
expression of hrpL and other T3SS genes. Interestingly, hrpS and ompR were not affected by the 
rcsC mutation on immature pear fruits. Another interesting gene worth mentioning is the 
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response regulator phoB that was up-regulated by 3-fold in both the rcsC and rcsB mutants in 
vivo. PhoB together with its sensor kinase PhoR plays a key role in phosphate homeostasis. In 
addition, a membrane stress responsive regulator gene, cpxR, and two other putative responsive 
regulator genes, EAM_2359 and EAM_2395, were over-expressed in the rcsB mutant in vivo.  
5.3.12 Genes involved in metabolism and cell envelope in the rcsC mutant in vitro 
In an earlier microarray study, it has been reported that expression of over 150 genes is 
controlled by RcsC in E. coli (Ferrières and Clarke, 2003). Among these, 50% encode for 
proteins that localized to cell envelope. In this study, about 71 differentially expressed genes 
belonged to the cell envelope group, including 34 encoding membrane proteins, 21 encoding 
Type I and III secretion apparatus, and 16 flagellar genes. Two membrane proteins, EAM_0322 
and EAM_ 0323, increased significantly by 41- and 25- fold, respectively.  
Many genes involved in energy metabolism, protein synthesis and sugar transport are 
also differentially expressed in the rcsC mutant in MBMA medium, including genes involved in 
the citric acid cycle (mdh, acnA, icdA, sucA, sucB, sucC, sucD, sdhA, sdhB, sdhC and sdhD) that 
were down-regulated. Biotin (vitamin H) is an essential cofactor for a class of important 
metabolic enzymes including those involved in the citric acid cycle, fatty acid, and protein 
biosynthesis. Four biotin biosynthetic genes including bioA, bioB, bioD, and bioF as well as 32 
genes encoding either 30S or 50S ribosomal proteins were also under-expressed in the rcsC 
mutant. In contrast, two groups of genes involved in polysaccharide biosynthesis were 
significantly up-regulated including the ams operon and the glycogen biosynthetic genes (glgA, 
glgB, glgC, glgP and glgX). 
 
5.4 Discussion 
The Rcs phosphorelay plays an essential role in E. amylovora virulence (Wang et al., 
2009, 2011). It positively regulates amylovoran production and plays an important role in 
bacterial survival in host plants. In this study, both rcsC and rcsB regulons in E. amylovora in 
liquid medium and on pear fruits have been characterized. Besides ams genes, other virulence 
traits including T3SS, levasucrase, and flagellar genes were regulated by the Rcs system. Other 
genes such as those involved in regulation, signal transduction, amino acid and protein 
biosynthesis, and energy metabolism were also identified as part of the rcs regulons.  
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In this study, 580 genes are differentially expressed in the rcsC mutant in vitro compared 
with the wild type. Similar numbers of envelope genes were identified in the E. coli rcsC mutant 
grown in minimal medium, suggesting the conserved function of RcsC in regulating cell 
envelope properties (Ferrieres and Clarke, 2003). Further analysis has revealed that genes, such 
as ams, wbaP, and rcsA all increased in the rcsC mutant, but decreased in three other sets of 
experiments, suggesting that the mechanisms of gene regulation may be different in the rcsC 
mutant. It has been well documented that a large portion of RcsB is phosphorylated in an rcsC 
mutant in minimal medium (Clarke et al., 2002). Whereas, RcsC acts as a kinase under in vivo 
(Wang et al., 2009, 2011), and thus mutation of rcsC results in decreased levels of phospho-
RcsB. It is likely that the large number of genes identified in the rcsC mutant in vitro is due to 
over-accumulation of phospho-RcsB. Similarly, genes that are positively controlled by phospho-
RcsB, such as ams and rcsA, are up-regulated in the rcsC mutant; whereas genes that are 
negatively controlled by phospho-RcsB, such as flagellar genes, are down-regulated in the rcsC 
mutant. In the meantime, phospho-RcsB may also regulate many regulatory genes such as ompR, 
phoB, and hrpS, which in turn regulate expression of other genes such as those encoding type III 
secretion. 
Previous studies have demonstrated that the rcsC mutant produces higher levels of 
amylovoran than the wild type (Wang et al., 2009, 2011). Results in this study are consistent 
with these previous reports, and have further identified novel genes such as wbaP and rcsA that 
may contribute to amylovoran over-production in the rcsC mutant in vitro. It has been well 
documented that RcsA and phospho-RcsB heterodimers bind to ams promoter to activate gene 
expression (Kelm et al., 1997). The RcsA protein greatly increases DNA-binding activity of 
phospho-RcsB. It has also been reported that elevated levels of phospho-RcsB were detected in 
the rcsC mutant in E. coli (Clarke et al., 2002). A possible scenario is that loss of RcsC function 
results in increased levels of phospho-RcsB, which in turn activates rcsA expression. Therefore, 
it is likely that over-production of amylovoran in the rcsC mutant is due to rcsA and phospho-
RcsB over-accumulation. RcsB could also regulate gene expression as homodimers (Majdalani 
and Gottesman, 2005). For instance, the homodimers of RcsB bind to the flhDC promoter to 
suppress gene expression in E. coli. It is possible that RcsB functions as a repressor for the 
expression of amino acid biosynthetic genes such as trpC, trpD, trpE and hisD. Interestingly, 
under both conditions, RcsC seems to act as a positive regulator for EAM_2937 and EAM_2938. 
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T3SS and associated effector genes are critical virulence factors for E. amylovora. An 
interesting observation is that T3SS genes are differentially expressed in rcs mutants in vitro, but 
not in vivo. The master regulator hrpL and hrpS genes were reduced in transcript levels in both 
rcsC and rcsB mutants, whereas hrpL and hrpS mutants produce high levels of amylovoran 
compared to the wild type (Wang et al., unpublished data, Zhao et al. 2009). These data suggest 
that a cross-talk exists between the Rcs phosphorelay and the T3SS in vitro. It is also possible 
that expression of the T3SS is involved in the regulation of amylovoran production in vitro. 
The environmental signal(s) for RcsC activation remains a significant challenge in our 
understanding of the Rcs signaling pathways. It has been shown that RcsC responds to a wide 
range of conditions such as osmotic stresses, temperature and antimicrobials (Clarke, 2010). 
Periplasmic proteins such as DjlA and DsbA have been reported to play a role in RcsC activation 
(Clarke et al., 2002; Majdalani and Gottesman, 2005). Furthermore, it remains unclear whether 
environmental signals or the above proteins are directly sensed by or indirectly perceived by 
RcsC. It has been observed that E. amylovora endues an oxidative stress characterized by 
superoxide accumulation, lipid peroxidation and electrolyte leakage in pear leaves for successful 
colonization (Venisse et al., 2001). Follow up studies also point to the critical roles of DspF and 
HrpN as well as siderophore in the bacterial survival under oxidative stress (Venisse et al., 
2003). Another study reveals that bacterial cells encounter inhibitory levels of water stress 
(osmotic stress) during the oxidative stress in Arabidopsis (Catherine and Beattie, 2004). In this 
sense, it is likely that RcsC may be the sensor of reactive oxygen species (ROS) during host 
infection. Interestingly, the regulator OxyR, which is required for the induction of a regulon of 
hydrogen peroxide-inducible genes (Christman et al., 1989), is positively controlled by the Rcs 
phosphorelay system in vivo. A recent review has proposed that RcsC monitors and responds to 
the integrity of the peptidoglycan layer (Clarke et al., 2010). Compared to the strong cell wall of 
gram positive bacteria, the gram negative bacteria cell wall is weak due to the thin layer of 
peptidoglycan. It is possible that the bacterial peptidoglycan is disrupted by ROS damage or 
osmotic stress following E. amylovora infection and hence leading to the activation of the Rcs 
phosphorelay system.  
A working model for the Rcs phosphorelay has been proposed based on this microarray 
study. As shown in Fig. 5.5A, during plant infection, a putative plant signal is perceived by the 
RcsC sensor kinase, that relays the signal to phosphorylate RcsB. The activated RcsB promotes 
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amylovoran production and disease formation. In the rcsC mutant, the signal can not be sensed 
by RcsC, thus, RcsB is not phosphorylated and no amylovoran is produced and no disease. In 
liquid medium, RcsC contains a net phosphatase activity so that it dephosphorylates RcsB. The 
net flow of phosphoryl groups results in lower levels of phosphorylated RcsB, thus less 
amylovoran production. In the rcsC mutant, RcsB phosphorylation may be attributed to small 
phosphodonors such as acetyl~P, resulting in an increased phospho-RcsB concentration, and thus 
leading to overproduction of amylovoran. 
This is the first genome-wide analysis of RcsC and RcsB regulons in the Erwinia genus. 
This study also provides a global view of regulatory cascades controlling the expression of 
multiple virulence genes including ams, T3SS, effector, and other potential virulence genes 
during infection. Further functional analysis of candidate genes identified in this study will 
provide more insight of the critical functions of the Rcs phosphorelay in E. amylovora. 
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TABLES 
Table 5.1 Primers used in this study 
Primers Sequences (5‘—3‘) 
16S3 CCTCCAAGTCGACATCGTTT 
16S4 TGTAGCGGTGAAATGCGTAG 
amsG1 CAAAGAGGTGCTGGAAGAGG 
amsG2 GTTCCATAGTTGCGGCAGTT 
amsC1 CTGGCATGGATGATTCACAG 
amsC2 CTCTCATGGGTGAAACACGA 
amsD1 GATGCGTCTGTTCAAGCTGT 
amsD2 TCGCAACAAATCAGTCTGGA 
rcsA1 TTAAACCTGTCTGTGCGTCA 
rcsA2 AGAAACCGTTTTGGCTTTGA 
rcsB1 GTGGTTGGCGAGTTTGAAGA 
rcsB2 GGTCAGGATAATGGCGTTTG 
rcsC1 ATGCCGAATATGGATGGCTA 
rcsC2 GACCGGTTTGGACAGACAAT 
glgB1 GGGTTCAATTCTCGACCGTA 
glgB2 GGTGTCGTGGTTCCACTCTT 
glgC1 GGCGCATTCATTCAGTCCT 
glgC2 GGCCAGTTCACGTCGTACAT 
dspE1 TCCAGCGAGGGCATAATACT 
dspE2 ACAACCGTACCCTGCAAAAC 
hrpN1 GCTTTTGCCCATGATTTGTC 
hrpN2 CAACCCGTTCTTTCGTCAAT 
hrpA1 GAGTCCATTTTGCCATCCAG 
hrpA2 TGGCAGGCAGTTCACTTACA 
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Table 5.2 Amylovoran biosynthesis-related genes regulated by RcsBCD system 
Gene ID Comparison ΔrcsC/
WT 
ΔrcsB/
WT 
ΔrcsC/
WT 
ΔrcsB/
WT 
Protein description 
 Gene Pear Pear MBMA MBMA  
EAM_1482 rcsA 0.25 0.05 2.3 0.02 amylovoran biosynthesis activation 
protein A  
EAM_2262 
 
rcsB 1.25 * 0.0002 1.15 * 0.0009 capsular synthesis two-component 
response regulator  
EAM_2263 rcsC 0.006 0.67 * 0.036 0.61 * two-component system, sensor kinase  
EAM_2261 rcsD 0.75 0.56 0.89 0.51 two-component system, phospho-
transfer protein 
EAM_2171 amsA 0.23 0.19 3.0 0.26 amylovoran biosynthesis tyrosine-
protein kinase  
EAM_2170 amsB 0.27 0.21 2.9 0.33 amylovoran biosynthesis 
glycosyltransferase  
EAM_2169 amsC 0.27 0.17 * 5.8 0.2 amylovoran oligosaccharide repeat unit 
polymerase  
EAM_2168 amsD 0.28 0.15 2.8 * 0.11 amylovoran biosynthesis 
glycosyltransferase  
EAM_2167 amsE 0.33 0.24 4.2 0.18 amylovoran biosynthesis 
glycosyltransferase  
EAM_2166 amsF 0.26 0.17 2.8 0.14 amylovoran biosynthesis protein  
EAM_2174 amsG 0.30 0.15 * 2.9 0.1 UDP-galactose-lipid carrier transferase  
EAM_2173 amsH 0.29 0.27 3.58 0.35 amylovoran export protein  
EAM_2172 amsI 0.37 0.30 1.9 0.27 amylovoran biosynthesis protein-
tyrosine-phosphatase  
EAM_2165 amsJ 0.28 0.31 2.34* 0.46 * amylovoran biosynthesis protein  
EAM_2164 amsK 0.76 1.25 * 2.01 0.43 * amylovoran biosynthesis 
glycosyltransferase  
EAM_2163 amsL 0.52 0.49 * 2.55 0.68 * amylovoran biosynthesis protein  
EAM_2161 galE 0.44 0.42 1.39 * 0.53 * UDP-glucose 4-epimerase  
EAM_2162 galF 0.29 0.32 1.85 0.57 * UTP-glucose-1-phosphate 
uridylyltransferase 
 * the p-value > 0.05 
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Table 5.3 Genes commonly regulated by RcsB and RcsC on immature pear fruits 
Gene ID 
Gene 
name 
∆rcsC/ 
WT pear 
∆rcsB/ 
WT pear Protein description 
Group I     
EAM_0255  0.15 0.20 membrane protein  
EAM_0256  0.41 0.40 lipoprotein  
EAM_1483  0.14 0.04 membrane protein  
EAM_1530 mltE 0.21 0.15 
membrane-bound lytic murein 
transglycosylase E  
EAM_1646 ppsA 0.30 0.26 phosphoenolpyruvate synthase  
EAM_1733 osmB 0.25 0.21 osmotically-inducible lipoprotein B  
EAM_1941 wbaP 0.18 0.08 UDP-Gal::undecaprenolphosphate Gal-1-
P transferase  
EAM_1971  0.38 0.46 exported protein  
EAM_2368  0.44 0.40 lipoprotein  
EAM_2592  0.36 0.41 hypothetical protein EAM_2592  
EAM_2720  0.49 0.45 possible lipoprotein  
EAM_2912  0.46 0.43 hypothetical protein EAM_2912  
EAM_2937  0.31 0.20 disulfide bond formation membrane 
protein  
EAM_2938  0.29 0.20 membrane protein  
EAM_3434  0.25 0.18 outer membrane protein  
Group II     
EAM_0441 purA 2.03 2.51 adenylosuccinate synthetase  
EAM_0949 phoB 3.54 3.55 phosphate regulon response regulator  
EAM_1004 glnK 2.48 6.67 nitrogen regulatory protein P-II  
EAM_1612 spy 3.97 4.01 exported protein  
EAM_1877 trpE 2.34 3.66 anthranilate synthase component I  
EAM_1879 trpD 3.31 6.11 anthranilate phosphoribosyltransferase  
EAM_1880 trpC 2.01 2.76 anthranilate isomerase  
EAM_2052 phoA 6.30 7.35 alkaline phosphatase  
EAM_2156 rfbB 2.02 2.01 ATP-binding protein  
EAM_2598 proV 4.20 2.88 glycine betaine/l-proline ABC transporter  
EAM_2600 proX 3.48 2.58 glycine betaine/L-proline ABC transporter 
EAM_2619  3.97 4.33 hypothetical protein EAM_2619  
EAM_2620 tyrA 5.49 5.80 t-protein  
EAM_2621 aroF 4.16 7.40 deoxyheptonate aldolase, Tyr-sensitive  
EAM_3065 deaD 2.32 2.35 ATP-dependent RNA helicase  
EAM_3282 ugpC 2.92 2.49 glycerol-3-phosphate ABC transporter  
EAM_3285 ugpB 5.12 5.75 glycerol-3-phosphate ABC transporter  
EAM_3466 pstC 2.21 2.36 phosphate ABC transporter  
EAM_3467 pstS 3.56 5.16 phosphate ABC transporter  
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Table 5.4 Genes commonly regulated by RcsB and RcsC in MBMA medium 
Gene ID 
Gene 
name 
∆rcsC/WT 
MBMA 
∆rcsB/WT 
MBMA Protein description 
Group I     
EAM_0060  0.17 0.44 cytosine-specific DNA methylase 
EAM_0061  0.09 0.38 restriction enzyme  
EAM_0110  0.09 0.33 hypothetical protein EAM_0110  
EAM_0142 oxyR 0.23 0.19 
hydrogen peroxide-inducible genes 
activator  
EAM_0288  0.34 0.42 bactoprenol-linked glucose transferase  
EAM_0931  0.37 0.35 hypothetical protein EAM_0931  
EAM_1208  0.33 0.42 zinc-binding dehydrogenase  
EAM_1378 sulA 0.12 0.37 cell division inhibitor  
EAM_1393  0.48 0.44 hypothetical protein EAM_1393  
EAM_1413  0.30 0.24 hypothetical protein EAM_1413  
EAM_1414  0.31 0.26 hypothetical protein EAM_1414  
EAM_1527  0.28 0.40 phage protein  
EAM_1483  0.14 0.04 membrane protein  
EAM_1805 asr 0.16 0.13 acid shock protein  
EAM_1876 trpH 0.45 0.44 phosphoesterase  
EAM_2128  0.51 0.44 hypothetical protein EAM_2128  
EAM_2146 hisA 0.28 0.38 1-(5-phosphoribosyl)-5- 
EAM_2404 amiA 0.36 0.32 N-acetylmuramoyl-L-alanine amidase  
EAM_2493  0.29 0.37 transcriptional regulator  
EAM_2529 recN 0.11 0.31 DNA repair protein  
EAM_2647  0.19 0.36 transcriptional regulator  
EAM_2874  0.21 0.31 type III secretion system protein  
EAM_2876  0.21 0.26 OrfB-specific chaperone  
EAM_2881 hrpG 0.21 0.25 type III secretion system protein  
EAM_2882 hrpF 0.19 0.20 type III secretion system protein  
EAM_2886 hrpB 0.08 0.24 type III secretion system protein  
EAM_2887 hrpA 0.14 0.28 type III secretion system protein  
EAM_2894 hrpL 0.12 0.23 sigma factor HrpL  
EAM_2900 hrpP 0.19 0.27 type III secretion system protein  
EAM_2937  0.47 0.15 disulfide bond formation membrane protein  
EAM_3259 gntY 0.40 0.28 Fe-S protein  
EAM_3438  0.20 0.16 sugar isomerase  
EAM_3439  0.48 0.27 carbohydrate kinase  
Group II     
EAM_0255  2.56 0.16 membrane protein  
EAM_0648  2.20 0.19 acyltransferase  
EAM_1474  2.79 0.34 exported protein  
EAM_1483  2.16 0.02 membrane protein  
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Table 5.4 Cont. 
EAM_1941 wbaP 13.14 0.17 UDP-Gal::undecaprenolphosphate Gal-1-P 
transferase  
EAM_2036 otsB 2.19 0.36 trehalose phosphatase  
EAM_2948  7.41 0.21 fimbrial protein  
Group III     
EAM_0488  4.28 3.12 hypothetical protein EAM_0488  
EAM_1683 gst 8.08 2.56 glutathione S-transferase  
EAM_1711  11.94 2.96 dethiobiotin synthetase  
EAM_1884 ompW 5.26 2.97 outer membrane protein W  
EAM_2194  2.26 3.32 hypothetical protein EAM_2194  
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FIGURES 
Figure 5.1 Number of genes differentially regulated by RcsB and RcsC  
 
 
 
 
 
 
 
 
Genes with the ratio of over 2 fold and a p-value < 0.05 were deemed as differentially regulated 
genes. Black columns represent up-regulated genes and gray columns represent down-regulated 
genes in either rcsB or rcsC mutant. The numbers adjacent to the columns represent the numbers 
of genes in each condition. 
 
Figure 5.2 Distribution of genes differentially regulated by RcsB and RcsC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Genes are assigned into various functional categories according to JCVI.  
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Figure 5.3 Genes commonly regulated by RcsB and/or RcsC 
 
 
 
 
 
 
 
 
 
 
 
A. Number of common genes regulated by RcsB and RcsC in pear. B. Number of common genes 
regulated by RcsB and RcsC in MBMA. C. Number of common genes regulated by RcsB in pear 
and in MBMA. D. Number of common genes regulated by RcsC in pear and in MBMA. 
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Figure 5.4 Verification of microarray gene expression data by qRT-PCR 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The relative fold change of each gene was derived from the comparison of either rcsB or rcsC 
mutant versus wild type in MBMA medium (A) and immature pear fruits (B). 16s rDNA gene, 
rrsA gene, was used as endogenous controls in qRT-PCR. The values of relative fold change 
were means of three replicates. The experiments were repeated three times with similar results 
and only one result was presented. Error bars indicate standard deviation.  
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Figure 5.5 A working model for the Rcs phosphorelay system in Erwinia amylovora  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. During plant infection, a putative plant signal is perceived by the RcsC sensor kinase, which 
relays the signal to phosphorylate RcsB. The activated RcsB promotes amylovoran production 
and disease formation. In the rcsC mutant, the signal can not be sensed by RcsC, therefore, RcsB 
can not be phosphorylated so that there is no amylovoran production or disease formation. B. In 
liquid medium, RcsC contains a net phosphatase activity so that it dephosphorylates RcsB. The 
net flow of phosphoryl group results in less phosphorylated RcsB, thus less amylovoran 
production. In the rcsC mutant, RcsB phosphorylation may come from small phosphodonors 
such as acetyl~P, resulting in an increased phospho-RcsB concentration, thus overproduction of 
amylovoran. IM: inner membrane. Arrows indicate phosphorylation or positive regulation. Note: 
RcsD is a transmembrane protein. 
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CHAPTER 6 
AMYR, A HOMOLOG OF ESCHERICHIA COLI YBJN, IS A NEGATIVE 
REGULATOR OF BACTERIAL VIRULENCE IN ERWINIA AMYLOVORA 
 
 
Abstract 
Erwinia amylovora causes the devastating fire blight disease on rosaceous plants. In this 
study, the role of a conserved hypothetical gene amyR in E. amylovora was characterized. First, 
it was revealed that a deletion mutant of amyR was capable of causing higher disease severity on 
apple than that caused by the wild-type (WT) strain. In complementation studies, the copy 
number of amyR introduced into the mutant significantly influenced its ability to cause disease. 
When a high copy number plasmid containing amyR gene was introduced into the mutant and 
WT strain, these became non-pathogenic or their virulence was significantly reduced both on 
apple plants and immature pear fruits. Furthermore, over-expression of amyR led to significantly 
reduced amylovoran production and amylovoran gene expression in various mutants and WT 
strains, suggesting its dominant effect. Microarray analyses revealed that 613, 235, and 21 genes 
were controlled by the amyR mutation and 155, 15, and 34 genes were controlled by the over-
expression of amyR in minimal medium, LB broth, and on immature pear fruits, respectively. 
Consistent with amylovoran production, an inverse correlation was observed between amyR 
expression and the expression levels of amylovoran biosynthetic genes in liquid media. 
Interestingly, over-expression of amyR suppressed expression of type III secretion genes 
including hrpA, hrpN, and dspE following pear fruit infection. These results indicate that AmyR 
plays an important role in regulating bacterial exopolysaccharide production and virulence in E. 
amylovora.  
 
6.1 Introduction 
Fire blight, caused by the bacterium Erwinia amylovora, is the most devastating bacterial 
disease for the apple and pear industry, causing annual losses of around $100 million in the U. S. 
E. amylovora is capable of infecting most organs of the host plants such as blossoms, fruits, 
vegetative shoots, woody tissues and rootstock crowns, leading to blossom blight, shoot blight 
and rootstock blight symptoms (Vanneste, 2000). As a species of the family Enterobacteriacae, 
E. amylovora is closely related to many important human and animal pathogens such as 
Escherichia coli, Salmonella enterica, Shigella flexineri, and Yersinia pestis.  
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Like many other Gram negative pathogenic bacteria, E. amylovora utilizes the type III 
secretion system (T3SS) and capsular exopolysaccharide (EPS) to cause disease (Oh and Beer, 
2005). The T3SS gene cluster is essential for E. amylovora to elicit a hypersensitive response 
(HR) in non-host plants and cause disease in host plants. Most genes in the hrp cluster are 
controlled by HrpL, a member of the ECF subfamily of sigma factors. In turn, expression of 
hrpL is activated by the hrpS sigma 54 enhancer-binding protein and the HrpXY two component 
systems. HrpL recognizes promoters (hrp boxes) of genes such as hrpA, the major component of 
the needle structure, as well as some effector genes such as dspE, hrpW and hrpN. It has been 
demonstrated that a strain deficient in HrpA production is nonpathogenic on immature pear fruits 
(Zhao et al., 2005). HrpN, the first reported harpin, is secreted into the plant apoplast to cause 
HR in nonhost plants (Wei et al., 1992). DspE is a pathogenicity factor, and with the help of 
DspF, it is translocated into plant cells to induce cell death (Boureau et al., 2006). Recent studies 
also point to the critical role of HrpN in the secretion of DspE (Bocsanczy et al., 2008).  
E. amylovora produces two types of exopolysaccharides, amylovoran and levan (Geier 
and Geider, 1993). Amylovoran is a high molecular weight (50-150 megadaltons), acidic 
heteropolymer composed of a pentasaccharide repeating unit containing four galactose residues 
and one glucuronic acid molecule (Nimtz et al., 1996). Mutants deficient in amylovoran 
biosynthesis are nonpathogenic (Bernhard et al., 1993, Wang et al. 2009, Zhao et al. 2009,). As a 
pathogenicity factor, amylovoran has multiple functions for E. amylovora virulence and survival. 
It has been shown that amylovoran induces wilting by blocking water movement in xylem 
(Sjulin and Beer, 1978). Recent studies also revealed the indispensable roles of amylovoran in 
bacterial biofilm formation in plant xylem and survival under stress conditions (Koczan et al., 
2009; Ordax et al., 2010).  
In E. amylovora, amylovoran biosynthetic genes are encoded by the ams operon of 15.8 
kb in length, consisting of 12 genes from amsA-amsL (Bugert and Geider, 1995). The promoter 
of ams operon is around 500 bp in front of the first gene amsG (Wang et al., 2009). Our previous 
studies have shown that amylovoran biosynthesis is regulated by a network of two-component 
signal transduction (TCST) systems (Zhao et al., 2009). The direct positive regulator is the Rcs 
phosphorelay system in which the response regulator RcsB and the accessory protein RcsA bind 
to an ‗RcsAB box‘ (TaAGaatatTCctA) in the promoter of amsG, as RcsAB heterodimers or 
RcsB–RcsB homodimers (Bernhard et al., 1990; Wang et al., 2009; Wehland et al., 1999). On 
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the other hand, amylovoran production is negatively regulated by TCSTs including EnvZ/OmpR, 
GrrA/GrrS and HrpX/HrpY systems and a hypothetical gene ybjN, here renamed as amyR due to 
its ability to regulate amylovoran production (Zhao et al., 2009). 
AmyR, a homolog of E. coli YbjN, is one of the enterobacteria-specific orphan genes 
(Narra et al., 2008). Orphan genes (ORFans) are annotated genes that exist exclusively in a 
particular genome, strain, species or lineage. Often, orphan genes span similar size distribution 
(400-600 bp), and are significantly shorter than genes (800-1000 bp) with heterogeneous 
occurrence in distantly related prokaryotic species (Daubin and Ochman, 2004). However, 
knowledge of the function of orphan genes or its functional conservation among enteric bacteria 
is very limited.  
Using a genetic screening, Chen et al., (2006) have reported that over-expression of ybjN 
of E. coli suppresses temperature sensitivity conferred by point mutations in the coaA gene in E. 
coli ts9 strain, that can grow only at 30°C (Chen et al., 2006). It has been proposed that YbjN 
may function as a general stabilizer for some unstable proteins. Moreover, it has been reported 
that expression of ybjN in E. coli is up-regulated by several folds when MarA, a transcriptional 
activator of antibiotic resistance, is constitutively expressed (Barbosa et al., 2000). Microarray 
studies have revealed that ybjN is expressed at high levels in E. coli under various stress 
conditions (Bore et al., 2007; Hayashi et al., 2003; Keeney et al., 2007). These results suggest 
that YbjN may be a general stress responsive gene.  
On the other hand, recent studies have suggested that ybjN may play a role in bacteria-
host interaction and virulence. Whole-genome expression profiling has revealed that ybjN is 
significantly induced in E. coli during growth on mucus, conditions designed to mimic the 
human intestine (Chang et al., 2004). Expression of the ybjN gene is also increased 3-fold in 
enterohemorrhagic E. coli O157:H7 following human macrophage infection (Poirier et al., 
2008). These results strongly suggest that YbjN may be required for regulation of bacterial 
virulence factors and establishment or maintenance of bacteria–host interaction. 
The goals of this study were 1) to determine the role of amyR in E. amylovora virulence 
and virulence gene expression; and 2) to identify what effect of amyR on global gene expression 
in E. amylovora. Our results demonstrated that deletion mutant of amyR showed increased 
virulence on apple and pear plants as compared to that of the WT strain. In complementation 
studies, however, the copy number of plasmid containing amyR gene significantly influenced the 
96 
 
ability of the mutant to cause disease. When a high-copy-number plasmid was introduced into a 
mutant or WT strain, the complemented strain became non-pathogenic or its virulence was 
significantly reduced on apple plants and immature pear fruits, respectively. Microarray analysis 
revealed that ams genes were significantly up-regulated in amyR mutant, but were down-
regulated in the amyR over-expression strain. Multicopy of E. coli ybjN gene suppressed 
amylovoran production in E. amylovora. These results suggest that amyR genes are functionally 
conserved between E. coli and E. amylovora. These results also indicate that AmyR may play a 
major role in virulence of E. amylovora. 
 
6.2 Materials and methods 
6.2.1 Bacterial strains and culture media 
Bacterial strains and plasmids used in this study are listed in Table 6.1. The LB medium 
is used routinely for culturing E. amylovora. When necessary, the following antibiotics were 
added to the medium: 50 µg ml
-1 
kanamycin and 100 µg ml
-1 
ampicillin.  Amylovoran production 
was determined by growing bacteria in MBMA medium (3 g KH2PO4, 7 g K2HPO4, 1 g 
[NH4]2SO4, 2 ml glycerol, 0.5 g citric acid, 0.03 g MgSO4) plus 1% sorbitol (Bellemann et al., 
1994).  
6.2.2 DNA manipulation and sequence analysis  
Plasmid DNA purification, PCR amplification of genes, isolation of fragments from 
agarose gels, cloning, and restriction enzyme digestion and T4 DNA ligation were performed 
using standard molecular procedures (Sambrook et al., 2001). DNA sequencing was performed 
at the Keck Center for Functional and Comparative Genomics at the University of Illinois at 
Urbana-Champaign. Sequence management and contig assembly were conducted using 
Sequencher 4.7 software. Database searches were conducted using the BLAST programs at 
NCBI (www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1997).   
6.2.3 Construction of hns mutant in E. amylovora by λ-Red recombinase cloning 
The hns mutant of E. amylovora was generated using λ phage recombinases, as described 
previously (Datsenko and Wanner, 2000; Zhao et al., 2006). Briefly, E. amylovora Ea1189 was 
transformed with plasmid pKD46 expressing recombinases redα, redβ and redγ. The 
transformant Ea1189 (pKD46) was grown overnight at 28 °C, reinoculated in LB broth 
containing 0.1% arabinose and grown to exponential phase OD600 = 0.8. Cells were collected, 
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made electrocomponent and stored at –80 °C. Recombination fragments consisting of a kan gene 
with its own promoter, flanked by a 50-nucleotide homology arm, were generated by PCR using 
plasmid pKD13 as a template. For primers used for generating the hns mutant, the 5′ end of each 
primer contained 50-nucleotide homology arms corresponding to the first and last 50 bases of the 
hns gene, whereas the remaining 21 or 20 nucleotides of each primer at the 3′ end were designed 
to amplify the kan cassette from pKD13. The primer pairs B2797F and B2797R were used to 
amplify kan gene fragments from the pKD13 vector. To confirm hns mutant by PCR, primers 
Z2797F, Z2797R and internal primer pairs km1 and km2 of the kan gene were used. 
Electroporation was performed according to standard protocols, and transformants were plated 
on LB with ampicillin and kanamycin.  
6.2.4 Cloning amyR gene from E. coli and E. amylovora 
For over-expression of amyR, the flanking sequences of the amyR (ybjN) ORF in E. coli 
and E. amylovora were used to design primers to amplify fragments of the gene and promoter 
sequences. Primer pairs amyR1-amyR2, without restriction sites, and amyR3-amyR4 were used 
to amplify 0.91 kb and 1.12 kb DNA fragments from E. coli and E. amylovora WT strain 
containing upstream and downstream sequences of the amyR gene, respectively. The two PCR 
fragments were cloned into pGEM T-easy vector through A-T ligation. The final plasmids were 
designated pYbjN1 and pAmyR2 (pYbjN2), respectively. All plasmids were introduced into E. 
coli strain by electroporation. Transformants were selected on LB plates supplemented with 
apmicillin. Their genotypes were confirmed by sequencing. 
The amyR gene was also cloned into a low-copy number vector pWSK29. The primer 
pair amyR5-amyR6 containing EcoRI and BamHI restriction sites was used to amplify the amyR 
gene and its flanking sequences. Following amplification, DNA fragments and the vector were 
digested with EcoRI and BamHI, and then ligated together. The final plasmid was designated as 
pAmyR3. All plasmids were introduced into E. amylovora strains by electroporation. The 
plasmid was confirmed by both enzymatic digestion and sequencing.  
6.2.5 Virulence assays on apple plants 
Virulence tests on Gala apple shoots were performed as described (Wang et al., 2011). 
Briefly, young shoots of 22-25 cm length were pricked with a needle at the tip and 5 ul of 
pathogen suspension (OD600=0.1) was inoculated on the wound tissue. For each bacterial strain, 
8-10 shoots were inoculated. Plants were kept in a greenhouse at 25 °C and 16 h light 
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photoperiod. The disease severity was measured as the average length of the necrotic tissue on 
apple shoots for up to 8 days. The experiment was repeated three times with similar results. 
Virulence assays were also carried out on Red Delicious leaves as described previously 
(Wang et al., 2010). Briefly, young leaves of 3 to 4 cm in length were inoculated with scissors 
dipped in a pathogen suspension (OD600=0.1). Plants were kept in a greenhouse or growth 
chamber at 25 °C and 16 h light photoperiod. The disease severity was evaluated and recorded 
for up to eight days post inoculation. Progression of necrosis was recorded using an arbitrary 
scale as described previously (Wang et al., 2010): 0, no necrosis; 1, necrosis limited to the 
inoculation point; 2, necrosis reaching the midrib; 3, necrosis reaching the petiole; 4, necrosis 
reaching the stem; 5, necrosis on the main shoot. For each inoculated strain, the necrosis severity 
index (NSI) is calculated using the following formula: NSI = 

5
0i
iNi / 5N ×100, where Ni is the 
number of leaves with disease severity of i; N is the size of the sample.  
6.2.6 Immature pear virulence assays 
For different E. amylovora strains, bacterial suspensions were grown overnight in LB 
broth, harvested by centrifugation, and resuspended in 0.5 X sterile phosphate buffered-saline 
(PBS) with bacterial cells adjusted to concentrations of ~1 x 10
3
 to 1 x 10
4
 colony-forming units 
(CFU/μl) (OD600 = 0.1 and then diluted 100 times) in PBS. Immature fruits of pear (Pyrus 
communis L. cv. Bartlett) were surface-sterilized, and pricked with a sterile needle as described 
previously (Zhao et al., 2005; 2006). Wounded fruits were inoculated with 2 μl of cell 
suspensions, and incubated in a humidified chamber at 26°C. Symptoms were recorded at 4, 6 
and 8 days post-inoculation.  
For bacterial population studies, fruit tissues surrounding the inoculation site were 
excised using a #4 cork borer as described previously (Zhao et al., 2005; 2006; Wang et al., 
2009), and homogenized in 0.5 ml of 0.5 X PBS. Bacterial growth was monitored by dilution-
plating of the ground material on LB medium amended with the appropriate antibiotics. For each 
strain tested, fruits were assayed in triplicate, and each experiment was repeated at least twice.  
6.2.7 Motility assay 
For E. amylovora WT, amyR mutant and amyR over-expression strain, bacterial 
suspensions were grown overnight in LB broth with or without appropriate antibiotic, harvested 
by centrifugation, washed once with PBS, and resuspended in 200 µl PBS. Then, a bacterial 
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suspension culture was diluted 10 X in water, and 3 µl of the diluted bacterial suspension was 
plated onto the center of swarming agar plates (10 g tryptone, 5 g NaCl,  3 g agar per l Liter) as 
previously described (Wang et al., 2009; Wang et al. 2010). Swarming diameters were 
determined following incubation at 28°C for up to 48 h. The experiments were repeated at least 
three times.  
6.2.8 CPC assay for determining amylovoran concentration 
The amylovoran concentration in supernatants of bacterial cultures was quantitatively 
determined by a turbidity assay with cetylpyrimidinium chloride (CPC), as previously described 
(Bellemann et al., 1994; Hildebrand et al., 2006, Zhao et al. 2009). Briefly, for E. amylovora 
WT, mutant strain, and complementation strains, bacterial suspensions were grown overnight in 
LB broth w/o appropriate antibiotics, harvested by centrifugation, and washed with PBS three 
times. After the final wash, the bacterial pellet was resuspended in 200 µl PBS. A total of 100 µl 
of bacterial suspension was inoculated into 10 ml MBMA medium with 1% sorbitol. One ml of 
bacterial cells was pelleted two days after inoculation at 28°C with shaking. Following 
centrifugation, 50 µl CPC at 50 mg ml
-1
 was added to one ml supernatant. After 10 min of 
incubation at room temperature, the amylovoran concentration was determined by measuring 
OD600 turbidity. The final concentration of amylovoran production was normalized for a cell 
density of 1.0. For each strain tested, the experiment was repeated at least three times.  
6.2.9 GFP reporter gene assay by flow cytometry 
The BD FACSCanto flow cytometer was used to monitor GFP intensity of WT and amyR 
mutant containing the corresponding promoter-GFP construct (Wang et al., 2009; Wang et al., 
2010). For in vitro amsG gene expression, WT and amyR mutant containing the amsG promoter-
GFP fusion plasmid were grown in LB overnight, harvested, and resuspended in water. Bacterial 
suspensions were re-inoculated in MBMA broth with 1% sorbitol and grown at 28°C with 
shaking for up to two days. Bacterial cultures were then harvested by centrifugation, washed 
once with PBS, and then resuspended in PBS for flow cytometry assay. For in vivo gene 
expression assay, bacterial strains were inoculated onto immature pear fruits by cutting fruit in 
half, and then bacterial suspensions were directly added to the surface. After incubation at 26°C 
for up to two days, bacterial cells were collected by either washing or centrifugation, washed 
twice with PBS, and then resuspended in PBS for flow cytometry assay.   
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6.2.10 Microarray analysis 
Transcriptome analysis of the effect of amyR deletion or over-expression was performed. 
Bacterial strains were grown overnight in MBMA or LB media supplemented with orwithout 
antibiotic and diluted in 5 mL MBMA media at an OD600 of 0.005. After 18 h growth at MBMA 
medium, 10 mL of RNA Protect Reagent (Qiagen) was added to bacterial cultures (at OD600 of 
about 0.5-0.8) to stabilize RNA. Cells were then harvested by centrifugation for 10 min at 4000 g 
and RNA was extracted by column-purification using Qiagen Bacterial RNA Mini Kit. DNA was 
eliminated by an on-column digestion using Qiagen DNase. RNA integrity was evaluated using 
the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) according to 
manufacturer's instructions.  
Ten µg of total RNA from each samples were reverse transcribed and labeled by Cy3 
using the FairPlay III Microarray Labeling Kit (Stratagene, La Jolla, CA, USA) according to 
manufacturer's instruction, except that purification steps were done using the QIAquick PCR 
Purificationn Kit (Qiagen, Hilden, Germany). Hybridization experiment was performed using 
600 µg Cy3-labeled cDNA in the presence of a 2× Hybridization Buffer (Agilent Technologies) 
on the E.amylovora microarray (8 x 15K slide format printed using Agilent's 60-mer SurePrint 
technology for 17 hours at 65°C, in a rotating oven (10 rpm). The hybridized slides were first 
washed for 1 min in Gene Expression Wash Buffer 1 (Agilent technologies, Santa Clara, CA, 
USA) at room temperature, then for another 1 min in Gene Expression Wash Buffer 2 (Agilent 
Technologies) at 37°C. Slides were scanned using an Axon 4000B at 5-µm resolution. PMT 
voltages were automatically adjusted using the Genepix Pro 6.0 software acquisition system to 
obtain maximal signal intensities with <0.005% probe saturation. The resulting 16 bit images 
were processed using the GenePix Pro 6.0 image analysis software (v6.0.1.26). Raw data were 
normalized using the glowess method.  
6.2.11 Microarray data analysis  
Statistical comparisons were performed using multiple testing procedures to evaluate 
statistical significance for differentially expressed genes. A modified t-test was computed to 
measure the significance associated with each differential expression value. An error rate (p-
value), measuring the risk of false predictions of differentially expressed genes was associated 
with each test value. A gene expression value was decided to be significantly different when the 
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p-value was less than 0.05 (except otherwise mentioned) and the expression ratio was ≥ 2.0 or 
≤0.5. Gene functions were assigned using data from NCBI (http://www.ncbi.nlm.nih.gov). 
6.2.12 Quantitative real-time PCR (qRT-PCR) 
One microgram of total RNA was reverse-transcribed in a 20 µl final reaction volume 
using SuperScript® III Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) following the 
manufacturer's instructions. For each sample, a negative reverse transcription reaction was done 
to verify absence of genomic contamination in subsequent qPCR. Primer sequences (Table 6.1) 
were designed using Primer3 (http://frodo.wi.mit.edu/primer3/). BLAST searches were 
performed to confirm gene specificity and the absence of multi-locus matching at the primer site. 
SYBRGreen qPCR reactions were performed using the ABI 7300 System (Applied Biosystems) 
in 96 well optical reaction plates. 1 µl of cDNA (100 ng/reaction), or water (no-template control) 
were used as template for q-PCR reactions with Fast SYBR Green PCR Master Mix (Applied 
Biosystems) and primers at 500 nM final concentration. Primer pairs amyREa1-amyREa2, 16S3-
16S4, amsG1-amsG2, amsC1-amsC2, amsD1-amsD2, rcsA1-rcsA2, rcsB1-rcsB2, rcsC1-rcsC2, 
glgB1-glgB2 and glgC1-glgC2 were used to detect expression of amyR, rrsA, amsG, amsC, 
amsD, rcsA, rcsB, rcsC, glgB and glgC genes, respectively. Real-time qPCR amplifications were 
carried out (50°C for 2 min, 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C 
for 1 min, and a final dissociation curve analysis step from 65°C to 95°C). Technical replicate 
experiments were performed for each biological triplicate sample. Amplification specificity for 
each qPCR reaction was confirmed by the dissociation curve analysis. Determined Ct values 
were then exploited for further analysis. 
The gene expression levels were analyzed using the relative quantification (delta delta-Ct 
method). 16 s rDNA rrsA was used as the housekeeping gene to normalize our samples. A 
relative quantification (RQ) value was calculated for each gene with the control group as a 
reference. A p-value was computed using a moderated t-test to measure the significance 
associated with each RQ value. Variations were deemed statistically significant when the p-value 
was <0.05 unless otherwise specified in the Tables. RQ values for amyR mutant and over-
expression strains were then normalized to those of WT. 
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6.3 Results 
6.3.1 Deletion of amyR results in inceased virulence in E. amylovora 
To determine the role of amyR in E. amylovora virulence, Gala apple shoot inoculation 
assay was conducted. Disease severity was periodically measured up to 8 days as the length of 
the disease symptom development from the initial inoculation site. The WT strain Ea1189 and 
Ea273 caused visible necrosis around the inoculation site around 2 days post-inoculation (dpi). 
The disease rapidly moved along the shoot at a mean rate of 3.11 and 3.18 cm/day, and covered 
24.9 and 25.4 cm at 8 dpi for Ea1189 and Ea273, respectively. Increased virulence was observed 
for the amyR deletion mutant, particularly at 4 dpi, and mean length of symptom was 20.1 for 
amyR mutant compared to 15.0 and 15.4 cm for Ea1189 and Ea273, respectively (Fig. 6.1A and 
6.2A). When the mutant was complemented with the amyR gene in a low-copy-number vector, 
the disease severity was greatly reduced (data not shown). When this plasmid was introduced 
into WT strains Ea1189 and Ea273, similar results were obtained. The disease moved slowly at a 
mean rate of 0.74 and 0.68 cm/day and covered 5.9 and 5.4 cm at 8 dpi for Ea1189 and Ea273 
containing amyR gene in low-copy-number vector, respectively (Data not shown). Interestingly, 
when high-copy number of amyR gene was introduced in amyR deletion mutant and WT strains, 
the mutant and WT strains containing high-copy-number amyR were not able of causing any 
disease on Gala apple shoots (Fig. 6.1A and 6.2A).  
The virulence assay was also performed using leaves of the fire blight tolerant cultivar 
Red Delicious apple as described previously (Wang et al., 2010). Ea1189 caused necrosis on the 
inoculation site around three dpi and reached the midrib at four dpi and into the petiole at eight 
dpi (Fig. 6.1B). The mean disease index (NSI) for Ea1189 was around 30% at eight dpi (Fig. 
6.2B); whereas, Ea273 strain caused more severe disease than that of Ea1189 (Wang et al. 2010). 
The necrosis appeared around two dpi and progressed rapidly into the adjacent two leaves at 
eight dpi (Fig. 6.1B). The disease caused by amyR deletion mutant was severer than that of 
Ea273, and around seven leaves were infected at eight dpi. The disease severity index (NSI) for 
Ea273 and amyR mutant was 81% and 98%, respectively (Fig. 6.2B). In contrast, WT stains and 
amyR deletion mutant containing amyR gene cloned in either low-copy or high-copy vector 
completely abolished its ability to cause disease on Red delicious apple leaves (Fig. 6.1B and 
6.2B, and data not shown). These results indicate that amyR contributes to bacterial virulence, 
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however, over-expression or multi-copy of amyR gene has detrimental effect on bacterial 
virulence, especially on tolerant varieties. 
6.3.2 AmyR suppresses bacterial growth  
In addition to apple plants, virulence assay was also tested on immature pear fruits. At 
4 days following inoculation, E. amylovora WT strain Ea1189 produced necrosis symptoms in 
pears with visible bacterial ooze (Fig. 6.3A). Six days after inoculation, Ea1189-inoculated 
immature pears showed increased sizes of necrotic lesions and bacterial ooze formation. After 
8 days, the necrosis covered almost the whole pear fruit (Fig. 6.3A). Similar results were 
obtained for the WT strain Ea273 (data not shown). Fast disease progress was observed for the 
amyR deletion mutant on immature pear fruits than those caused by the Ea1189 and Ea273 
strains at 4 dpi, and the necrosis covered the whole pear fruit at 6 days after inoculation (Fig. 
6.3A). In contrast, amyR deletion mutant and WT strain containing amyR gene in both low-copy-
number vector and high-copy-number vector reduced disease severity (Fig. 6.3B).  
Quantification of bacterial growth in infected immature pears was determined at 3 days 
post inoculation. Disease symptoms caused by the WT strains Ea1189 on immature pear fruits 
were correlated with their high levels of bacterial growth at a density of around 10
8
 CFU per 
gram pear tissue (Fig. 6.3B). The growth of the amyR mutant was slightly increased compared to 
the WT strain. Complementation of amyR mutant by a low copy vector partially rescued 
bacterial growth and the cell density was below10
8
 CFU per gram pear tissue. In contrast, growth 
of amyR over-expression strains (low copy in WT strain and high copy in mutant and WT strain) 
was slow and only reached ~ 10
5
 cfu/gram tissue, representing an approximately 1000-fold 
reduction relative to that of WT strains (Fig. 6.3B). These results indicate that amyR suppresses 
bacterial growth in E. amylovora.  
6.3.3 Abundance of amyR transcripts leads to suppression of virulence and bacterial 
growth 
In order to determine whether the effect of amyR on bacterial virulence and bacterial 
growth is correlated with the expression of amyR gene, relative amyR transcripts were measured 
by qRT-PCR in liquid medium and on pear fruit. As expected, amyR transcript was absent in the 
deletion mutant. In contrast, the relative amyR transcript in Ea1189 and Ea273 strains containing 
amyR gene in low-copy-number and high-copy-number vectors increased for about 10-15 fold 
and 18- 25 fold (Table 6.2).   
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6.3.4 Over-expression of amyR suppresses amylovoran production 
We have previously reported that deletion of amyR gene results in more than 10 fold 
increase of amylovoran production (Zhao et al. 2009). When grown on LB plates, the colony of 
amyR deletion strain was mucoid, similar to that observed for Ea273 which is a naturally 
amylovoran over-producing strain (Wang et al., 2010) (Fig. 6.4A). Complementation of the 
amyR mutant or over-expression of the amyR in WT strains inhibited the mucoid phenotype, 
suggesting decreased amylovoran production (Fig. 6.5A). Amylovoran production in the 
supernatant of bacterial cultures was then quantitatively determined using a turbidity assay as 
previously described (Wang et al., 2009, 2010, 2011). Consistent with the mucoid phenotype, 
amylovoran produced by the amyR deletion mutant at 48 hpi was similar to that of Ea273, with 
an OD600 of 1.75, about 8-fold higher than that of the Ea1189 strain (OD600 value of 0.2) (Fig. 
6.4A). Complementation of the amyR mutant or over-expression of amyR in WT strains resulted 
in decreased amylovoran production and this was lower than that produced by Ea1189 (Fig. 
6.4B). In order to correlate amylovoran production with amylovoran biosynthesis gene 
expression, the promoter activity of the amsG gene, the first gene in the amylovoran operon, was 
measured by flow cytometry at 48 hpi in MBMA medium using GFP as a reporter. The GFP 
intensity value was 1.70 and 28.54 (geometric mean) for Ea1189 and amyR mutant, respectively 
(Fig. 6.4C). In addition, the promoter activity of the amsG gene was also determined for the two 
strains following inoculation on the immature pear fruits. The promoter activity of amsG gene 
was induced in both strains as compared to those in the MBMA medium and the GFP intensity 
values were 3.84 and 59.95 for Ea1189 and amyR mutant, respectively (Fig. 6.4C).  
Transcripts of amylovoran biosynthesis gene were also measured by qRT-PCR in both 
minimal and LB media. As shown in Fig. 6.4DE, expression of ams genes including amsG, 
amsC, and amsD increased 3 to 5 -fold and 6 to 8 -fold in the amyR mutant growing in MBMA 
and LB conditions respectively, as compared to WT strain. In contrast, over-expression of amyR 
decreased ams gene expression in WT strain and the expression amsG, amsC and amsD was 
about half or three fourth of that expressed in Ea1189. These results clearly demonstrated that 
AmyR is a negative regulator of amylovoran production by suppressing amylovoran gene 
expression. 
6.3.5 Over-expression of amyR suppresses rcsA gene expression 
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Our previous study has demonstrated that amylovoran biosynthesis genes are positively 
controlled by the Rcs phosphorelay system (Wang et al., 2009). To determine whether amyR 
suppresses amylovoran production through affecting rcs gene expression, the relative expression 
of rcsA, rcsB and rcsC genes was quantified by qRT-PCR. No significant change was observed 
in the expression of rcsB and rcsC genes in ∆amyR and amyR over-expression strains (Data not 
shown). Interestingly, expression of the rcsA gene in the amyR mutant increased 1.2 and 7.8 fold 
compared to that of the WT in MBMA and LB medium, respectively (Table 6.3). Moreover, 
over-expression of amyR in WT caused 3.6 and 2.0 fold decrease for rcsA expression in MBMA 
and LB medium, respectively. These findings indicate that the expression level of amyR is 
inversely correlated with rcsA expression and thus amylovoran production, suggesting that 
AmyR may negatively regulates amylovoran production by suppressing rcsA gene expression, 
either directly or indirectly. 
6.3.6 Over-expression of amyR suppresses amylovoran production in various amylovoran-
over-producing mutant strains 
To determine the potential relationship of AmyR with other amylovoran regulatory 
systems, a high-copy number plasmid containing amyR gene was introduced into various mutant 
strains.This resulted in about 8 to 10 -fold increase in amylovoran in vitro than that of the WT 
strain (Fig. 6.5A). When these mutant strains harboring high-copy number of amyR gene, 
amylovoran production was greatly reduced by 10 to 100 times compared to that in the mutant 
(Fig. 6.5A). .  
qRT-PCR was also performed to determine the relative expression of amyR, amsG, amsC 
and amsD genes in WT, various mutant strains and mutants containing high-copy number of 
amyR gene to correlated amylovoran production with ams gene expression. Consistent with 
amylovoran production, amsG, amsC and amsD genes were significantly up-regulated 2-9 fold in 
these mutant strains (Fig. 6.5B). Interestingly, expression level of amyR gene in rcsC, envZ, 
ompR, grrS, grrA and hns mutants was similar to that of the WT strain, suggesting up-regulation 
of ams gene expression is not directly due to amyR gene expression in these mutants per se. 
When amyR in high-copy number vector was introduced into those strains, the expression of 
amyR gene increased by about 22 fold in WT and 11-18 fold in the mutant strains. As a result of 
amyR over-expression, the expression of amsG, amsC and amsD decreased by 5-100 fold. These 
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results further demonstrated the negative effect of AmyR on amylovoran production and suggest 
that AmyR might function independent of these signaling pathways. 
6.3.7 Impact of amyR on bacterial motility 
Swarming motility was assessed for WTs, amyR mutant, amyR complementation and 
over-expression strains by inoculating bacterial cells on a swarming plate (0.3% agar) and 
measuring the diameter of the circle covered by bacterial cells for up to 48 h. As reported, 
Ea1189 formed a regular circular and Ea273 formed a flower like shape at 48 h (Wang et al., 
2010) (Fig. 6.7A). The diameters for Ea1189 and Ea273 were 3.4 and 4.0 cm, respectively. In 
contrast, the motility of amyR mutant was greatly impaired and the diameter was only 1.88 cm 
after two days inoculation (Fig. 6.7A). Complementation of amyR mutant by amyR gene in 
lower-copy number vector partially restored swarming motility and the diameter for the 
complemented strain was 3.01 cm. WT strains containing amyR over-expression vectors also 
exhibited reduced motility. Diameters of Ea1189 containing amyR in low or high-copy number 
vectors were about 3.0 ± 0.08 and 2.5 ± 0.02, respectively; whereas, the diameters for Ea273 
were 3.45 ± 0.02 and 3.22 ± 0.02 cm , respectively. These results indicate that amyR gene is 
required for normal swarming motility in E. amylovora. 
6.3.8 Global effect on gene expression by amyR in E. amylovora 
The Agilent E. amylovora 60-mer Array was used to determine the effect of amyR on 
gene expression. Genes that have an expression ratio > 2 standard deviations from the mean and 
display a P-value < 0.05 were considered as AmyR-regulated genes. Based on microarray 
analysis, 71, 90 and 15 genes were significantly up-regulated in amyR mutant in MBMA 
medium, LB broth and pear fruits. Whereas, 542, 145 and 6 genes were significantly down-
regulated in amyR mutant for MBMA medium, LB broth and pear fruits, respectively. For amyR 
over-expression strain, around 34 and 121 genes were significantly up and down-regulated in 
MBMA medium. In contrast, a small set of genes appeared to be affected by amyR over-
production in rich medium and pear fruits, only 10 and 13 genes were up-regulated and 5 and 21 
genes were down-regulated.  
Consistent with previous observations, genes involved in amylovoran production were 
significantly up-regulated in the ybjN mutant. The 12 ams along with galEF genes were 
increased from 1.5 to7 fold in amyR mutant as compared to the WT strain in MBMA medium 
and LB broth (Table 6.3). A slight increase of ams gene expression including amsA, amsB, 
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amsC, amsH and amsI was observed in amyR mutant on the immature pear fruits. This may be 
partially due to the up-regulation of ams genes after plant infection in the WT strain. Although 
previous work has shown that a single promoter drives the expression of the entire ams operon 
(Bugert and Geider, 1995), the level of induction seemed different for individual genes.  
Over-expression of amyR appeared to suppressed ams gene expression. Most of these 
genes were down-regulated 1-2 fold in amyR over-expression strain in MBMA medium and LB 
broth. However, the suppression effect of amyR on ams gene expression on pear fruits was not as 
strong as that in liquid medium. These results were also consistent with our qPCR results that 
amsG, amsC and amsD genes were up-regulated around 1-6 fold in the amyR mutant and down-
regulated about 1-2 fold in the amyR over-expression strain in MBMA medium and LB broth.  
In addition, the regulatory gene rcsA was also differentially expressed in the amyR 
mutant and over-expression strains as revealed by microarray analysis (Table 6.3). These results 
further prove that amyR negatively regulates amylovoran production possibly by affecting the 
expression of rcsA. These results also confirm that amyR is a negative regulator of ams gene 
expression. 
6.3.9 Over-expression of amyR gene down-regulates T3SS gene expression after immature 
pear fruits infection 
 Microarray results showed that four T3SS genes including hrpA, hrpN, dspE and dspF 
were significantly affected by amyR over-expression. Expression levels of these genes in the 
amyR over-expression strain were about half of those in the WT strain after immature pear 
infection. In addition, a 1.56 fold increase of dspE expression was observed in amyR mutant 
compared that of the WT. These results indicate that over-expression of amyR decreases bacterial 
virulence on pear fruits may be due to the down-regulation of T3SS gene expression. 
6.3.10 Impact of amyR on the expression of levasucrase, flagellar, fimbrial and glycogen 
genes  
Expression of the lsc gene was down-regulated in both amyR mutant and over-expression 
strains in MBMA and LB media. Three regulators of lsc gene including rlsA, rlsB and rlsC were 
down-regulated around 2-10 fold and 2-3 fold in the amyR mutant in MBMA and LB media, 
respectively. These results indicate that a basal level of amyR expression is required for lsc gene 
expression, possibly by activating the expression of rlsA, rlsB and rlsC genes. On the other hand, 
over-expression of amyR suppresses levan production in a manner that is independent of rls 
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genes. In addition to ams genes, amyR also appeared to control glycogen biosynthetic gene 
expression. Expression of five glycogen biosynthetic genes was significantly up-regulated 4-6 
fold and 6-10 in the amyR mutant in MBMA and LB media, respectively. In contrast to ams 
genes which were also up-regulated in pear fruits, glycogen biosynthetic genes were all down-
regulated in amyR mutant after pear fruit infection. Over-expression of amyR appeared to 
suppress glycogen gene expression in MBMA, LB and immature pear fruits. 
Microarray analysis identified a group of flagellar genes whose expression is controlled 
by amyR (data not shown). The expression of flhD and flhC in amyR mutant was around half of 
that in WT in MBMA medium, LB broth and on pear fruits. Down-regulation of these regulatory 
genes also significantly decreased the expression of various flalgellar structural genes. These 
results suggest that amyR is required for the expression of flagellar genes and swarming motility 
under liquid medium conditions and during interaction with host plants. Surprisingly, genes 
involved in flagellar biosynthesis were also down-regulated in the amyR over-expression strain, 
although to a lower extent than those in the amyR mutant (data not shown). These results suggest 
amyR expression is required for E. amylovora swarming motility. 
 
6.4 Discussion  
The important roles of amylovoran and T3SS genes in fire blight disease development 
have been well documented. In this study, we characterized the roles of the conserved orphan 
gene amyR in E. amylovora. We observed that amyR negatively regulated bacterial virulence on 
apple plants and immature pear fruits. Consistent with these virulence tests, amylovoran 
production and ams gene expression were inversely correlated with amyR expression in vitro. In 
vivo microarray analysis also revealed that over-expression of amyR suppresses the expression of 
T3SS genes. Interestingly, the amyR gene from E. coli also rescued amylovoran production in E. 
amylovoran amyR mutant, suggesting the conservation of AmyR functionality between enteric 
bacterial species.  
Our study has shown that both E. coli ybjN and E. amylovora amyR negatively regulates 
colanic acid production in E. coli, suggesting the  conserved function in controlling EPS 
production (Wang et al., chapter 7). Interestingly, multi-copy of amyR gene also suppresses EPS 
production in rcsC, envZ, ompR, grrS, grrA and hns mutant strains in E. amylovora. Our 
microarray analysis has revealed that the expression of rcsA transcripts is significantly up-
109 
 
regulated in these amylovoran over-producing mutant strains (Wang et al., unpublished data). 
Since the expression of RcsB is not significantly affected by amyR, it is likely that amyR‘s 
impact on amylovoran production is mediated by controlling the level of rcsA expression. 
Similar results were also obtained in E. coli that high-copy number of ybjN suppressed colanic 
acid production in the mucoid acka and acka/rcsC mutant strains, suggesting that it is a general 
negative regulator of EPS production in both E. coli and E. amylovora.  
Interestingly, over-expression of amyR decreases T3SS gene expression such as hrpN and 
dspE after pear infection. On the other hand, the expression of ams genes is not significantly 
affected by amyR over-expression, and only a few ams genes are slightly increased in the amyR 
mutant. These results indicate that the impact of amyR on amylovoran production is greatly 
attenuated during pear fruit infection. Interestingly, the regulatory genes of the T3SS 
pathogenicity island such as hrpX, hrpY, hrpS and hrpL are not significantly altered by amyR 
mutation or over-expression. It is likely that amyR‘s impact on the expression of dspE and hrpN 
is independent on the hrp regulatory system. 
It has been shown that the level of ybjN expression is inversely correlated with flagellar 
gene expression and hence swarming motility in E. coli (Wang et al., chapter 7). Although over-
expression of amyR suppresses bacterial swarming in E. amylovora, amyR mutation also leads to 
a reduced swarming phenotype. These results imply that amyR has different roles in controlling 
bacterial motility in E. coli and E. amylovora. E. coli rcsB and ompR mutants exhibited greatly 
increased and precocious swarming phenotypes (Fredericks et al., 2006; Prüß, 1998). Further 
studies demonstrate that RcsB and OmpR can bind to the flhDC promoter to suppress gene 
expression. Interestingly, in the case of E. amylovora, both rcsB and ompR mutants are impaired 
in motility and they exhibit a swarming pattern similar to that of amyR mutant (Wang et al., 
2009; Zhao et al., 2009). On the other hand, UvrY (GrrS), a positive regulator of swarming 
motility in E. coli, negative regulates swarming motility in E. amylovora. In contrast to E. coli 
ybjN gene, which negatively regulates the expression of flagellar genes, the expression of flhDC 
is significantly down-regulated in the amyR mutant in E. amylovora. It seems that these enteric 
specific genes behave quite differently in bacterial motility.  
This study has shown that ybjN is expressed at high levels during the exponential growth 
phase in E. coli. However, no differences in amyR expression was observed in different growing 
stages or under stress conditions in E. amylovora (data not shown). This is probably due to the 
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divergent promoter sequences between the two species. The length of E. coli ybjN promoter is 
around 200 bp, whereas only around 80 bp for amyR in E. amylovora. It seems that the 
expression of ybjN is not affected by the mutation of two component genes such as rcsC, 
envZ/ompR, grrA/grrS and the global regulator hns (Fig. 6.5B). In MBMA and LB media, the 
expression level of amyR is equivalent to that of ompR, and around 2-4 fold lower than grrA or 
rcsB transcripts (Wang et al., unpublished data). The expression of amyR is not affected under 
different growing conditions such as minimal or rich medium, liquid media, or pear fruits (data 
not shown), suggesting that the amyR promoter is not responsive to these conditions in the WT 
strain. The reduced bacterial virulence in the amyR over-expression strain is a consequence of 
low or high copy amyR genes, which leads to the down-regulation of virulence factors. An 
immediate task is to elucidate the biochemical function of AmyR in E. amylovora. Genome-wide 
pull-down screening did not identify any YbjN interacting proteins in E. coli (Arifuzzaman et al., 
2006). Our analysis using histag fusion protein indicates that AmyR is a cytoplasmic protein 
(Wang et al., unpublished data). As an orphan protein, AmyR is rich in aromatic amino acid 
residues (13 residues for E. coli and 12 for Erwinia). Interestingly, aromatic amino acids have 
been hypothesized to play some role in generating new protein functions as well as to stabilize 
protein structures by creating long hydrophobic aromatic side chains. In this point of view, 
interaction of AmyR with other proteins may be weak interaction. Our further studies will focus 
on the structure and biochemical activity of YbjN protein. These information will greatly 
enhance our understanding of this orphan protein.  
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TABLES 
 
Table 6.1 Bacterial strains, plasmids, and primers used in this study 
Strains, 
plasmids or 
primers 
Relevant characters or sequences (5‘—3‘)a Reference or source 
Strains 
       Ea1189 
 
Wild type, isolated from apple 
  
Burse et al, 2004 
       Ea273 Wild type, isolated from apple Wang et al, 2010 
       Ea110 Wild type, isolated from apple McGhee and Jones, 2000 
     CFBP1430 Wild type, isolated from Crataegus, France Gaudriault et al, 1997 
Z2074ΔamyR 
(ybjN) 
amyR::Km; Km
R
-insertional mutant of amyR 
(ybjN) of Ea1189, Km
R
 
Zhao et al, 2009 
Z3207ΔrcsC rcsC::Km; KmR-insertional mutant of rcsC of 
Ea1189, Km
R
 
Wang et al, 2009, Zhao et al, 
2009 
Z3742ΔgrrS grrS::Km; KmR-insertional mutant of grrS of 
Ea1189, Km
R
 
Zhao et al, 2009 
Z2198ΔgrrA grrA::Km; KmR-insertional mutant of grrA of 
Ea1189, Km
R
 
Zhao et al, 2009 
Z0270ΔenvZ envZ::Km; KmR-insertional mutant of envZ of 
Ea1189, Km
R
 
Zhao et al, 2009 
Z0271ΔompR ompR::Km; KmR-insertional mutant of ompR 
of Ea1189, Km
R
 
Zhao et al, 2009 
Z0118Δhns KmR-insertional mutant of hns gene of 
Ea1189, Km
R
 
This study 
 
   DH10B F
-
 mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 endA1 
ara∆139 ∆(ara, leu)7697 galU galK λ - rpsL 
(Str
R
) nupG 
Invitrogen 
Plasmids 
     pKD46 Ap
R
, PBAD gam bet exo pSC101 oriTS Datsenko and Wanner, 2000 
     pKD13 Km
R
, FRT cat FRT PS1 PS2 oriR6K rgbN Datsenko and Wanner, 2000 
     pGEM
 ®
 T-
easy 
Ap
R
, PCR cloning vector Promega 
     pFPV25 Ap
R
, GFP based promoter trap vector 
containing a promoter-less gfpmut3a gene 
Valdivia and Falkow, 1997 
     pWSK29 Ap
R
; cloning vector, low copy number Wang and Kushner, 1991 
     pYbjN1 0.9-kb PCR fragment containing E. coli amyR 
gene in pGEM T-easy vector 
This study 
     pAmyR2 
(also 
pYbjN2) 
1.1-kb PCR fragment containing Erwinia 
amyR gene in pGEM T-easy vector 
This study 
     pAmyR3 1.1 -kb EcoRI-BamHI fragment containing 
amyR gene in pWSK29 
This study 
     pWDP4 721 bp KpnI-XbaI DNA fragment containing 
promoter sequence of amsG gene in pFPV25 
Wang et al., 2009 
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Table 6.1 Cont. 
     pWDP5 706 bp EcoRI-BamHI DNA fragment 
containing promoter sequence of amyR gene 
in pFPV25 
This study 
Primers
b
 
B2797F (hns) ATGAGCGAAGCACTTAAAATTCTGAACAATATCCGCACACTTCGT
GCCCAGCGATTGTGTAGGCTGGAGCT 
B2797R (hns) TTACAGCAGAAAGTCTTCGAGCTTCTTGCCTTGCTCTTCGATAGCC
TGTTATTCCGGGGATCCGTCGACC 
Z2797F AACTGGCTTTCATCCACCAG 
Z2797R CGACAAAGCAACTGCAAAAA 
amyR1 GGGGCTGGAAGGAATAGAAA 
amyR2 AACTTTAGCCAGGGTTTGAGA 
amyR3 CCGGAATTCGTTAGTGCATGAAAACTGTTACCG(EcoRI) 
amyR4 CGCGGATCCATAGCCCCAGTCATTCATGC(BamHI) 
amyREa1 TAATGGACGGGGTTATCCTG 
amyREa2 ATCAGCTTGGGCAGATTGTC 
16S3 CCTCCAAGTCGACATCGTTT 
16S4 TGTAGCGGTGAAATGCGTAG 
amsG1 CAAAGAGGTGCTGGAAGAGG 
amsG2 GTTCCATAGTTGCGGCAGTT 
amsC1 CTGGCATGGATGATTCACAG 
amsC2 CTCTCATGGGTGAAACACGA 
amsD1 GATGCGTCTGTTCAAGCTGT 
amsD2 TCGCAACAAATCAGTCTGGA 
rcsA1 TTAAACCTGTCTGTGCGTCA 
rcsA2 AGAAACCGTTTTGGCTTTGA 
rcsB1 GTGGTTGGCGAGTTTGAAGA 
rcsB2 GGTCAGGATAATGGCGTTTG 
rcsC1 ATGCCGAATATGGATGGCTA 
rcsC2 GACCGGTTTGGACAGACAAT 
Km1 CAGTCATAGCCGAATAGCCT 
Km2 CGGTGCCCTGAATGAACTGC 
a 
Km
R
, Ap
R
 and Str
R
 = kanamycin, ampicillin and streptomycin resistance, respectively. 
b
Underlined nucleotides are restriction sites added and the restriction enzymes are indicated at 
the end of primers. 
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Table 6.2 Relative expression levels of amyR in Ea1189 by the low (pWSK29) and high (T-
easy) copy plasmids in MBMA medium, LB broth and on immature pear fruits  
 
 Fold increase Fold increase Fold increase 
 MBMA medium LB broth Pear fruits 
Low copy amyR  12.8 10.2 13.6 
High copy amyR  22.5 18.7 24.8 
 
Bacterial strains were grown in MBMA media plus 1% sorbitol, LB broth and pear fruits for 18 
hours at 28°C. RNA was stabilized by Qiagen RNA Protect. RNA extraction and qPCR were 
performed as described in Materials and methods. 
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Table 6.3 Impact of AmyR on ams, galEF and rcsA gene expression in MBMA medium, LB 
broth and on immature pear fruits 
 
 Comparison/condition ∆amyR/
WT 
OE/ 
WT 
∆amyR/
WT 
OE/ 
WT 
∆amyR/
WT 
OE/ 
WT 
Gene Gene function MBMA MBMA LB LB pear pear 
amsA amylovoran biosynthesis 
tyrosine-protein kinase 
2.42 0.48 3.88 0.65 2.35 0.63 
amsB amylovoran biosynthesis 
glycosyltransferase 
2.23 0.75 4.34 1.00 1.98 0.89 
amsC putative amylovoran 
oligosaccharide repeat unit 
polymerase 
4.24 0.55 6.81 0.82 1.62 0.58 
amsD amylovoran biosynthesis 
glycosyltransferase 
2.77 0.43 5.47 0.64 2.00 0.46 
amsE amylovoran biosynthesis 
glycosyltransferase 
2.84 0.69 2.33 0.81 1.45 0.88 
amsF amylovoran biosynthesis 
protein 
1.76 0.49 3.73 0.97 1.39 0.75 
amsG UDP-galactose-lipid 
carrier transferase 
2.80 0.51 5.48 0.74 1.22 0.57 
amsH amylovoran export protein 3.00 0.68 3.91 0.79 2.17 0.78 
amsI amylovoran biosynthesis 
protein-tyrosine-
phosphatase 
3.35 0.70 4.01 0.94 1.64 0.74 
amsJ amylovoran biosynthesis 
protein 
2.40 0.73 2.06 0.90 1.51 0.92 
amsK amylovoran biosynthesis 
glycosyltransferase 
2.21 0.81 1.52 0.77 1.20 0.87 
amsL amylovoran biosynthesis 
protein 
1.79 1.05 1.15 0.79 1.61 0.95 
galE UDP-glucose 4-epimerase 1.48 0.57 2.13 0.81 1.17 0.87 
galF UTP-glucose-1-phosphate 
uridylyltransferase 
2.06 0.69 2.27 0.99 1.64 1.19 
rcsA amylovoran biosynthesis 
regulator 
1.23 0.28 7.65 0.48 1.78 0.85 
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FIGURES 
Figure 6.1 Virulence assays of Erwinia amylovora wild-type (WT) strain, amyR mutant, 
complemented strains and amyR over-expression strains on apple plants 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Symptoms caused by WT, amyR mutant, complemented strains and amyR over-expression 
strains on Gala apple shoots at 8 DPI. Virulence assays were performed using young annual 
shoots, by pricking the tip with a needle, and pipetting 5 μl of pathogen suspension (OD600 = 
0.1) onto the wounded tissue. B. Symptoms caused by WT and different strains on Red Delicious 
apple leaves at 8 DPI. Young leaves of Red Delicious plants were inoculated with scissors 
dipped in a pathogen suspension (OD600=0.1). DPI: days post-inoculation. 
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Figure 6.2 Disease severity of Erwinia amylovora wild-type (WT) strain, amyR mutant, 
complemented strains and amyR over-expression strains on apple plants 
 
 
 
 
 
A. Gala apple shoots. B. Red Delicious apple leaves. NSI is the necrosis severity index 
calculated as described (Wang et al., 2010). ♦: Ea1189, ■:Ea273, ▲: ΔamyR, ●: Ea1189 
(pAmyR2), □: Ea273 (pAmyR2), X: ΔamyR (pAmyR2). Lines for (●) and (□), (X) were 
coincided on X axis. 
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Figure 6.3 Virulence tests of Erwinia amylovora strains on immature pear fruits 
 
 
 
 
 
 
 
 
 
 
             
 
 
 
                                                
 
 
A. Symptoms caused by WT strains, amyR mutant, complemented and amyR over-expression 
strains on immature pear fruits. B. Bacterial growth of WT strains, amyR mutant, complemented 
and amyR over-expression strains on immature pear fruits. 1: Ea1189, 2: ΔamyR, 3: ΔamyR 
(pAmyR3), 4: ΔamyR (pAmyR2), 5: Ea1189 (pAmyR2), 6: Ea1189 (pAmyR3). DPI: days post 
inoculation. Growth of bacterial strains was monitored at 0 and 72 h after inoculation.  Data 
points represent means of three replicates ± standard errors. Similar results were obtained in 
repeated independent experiments. 
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Figure 6.4 AmyR suppresses amylovoran production and T3SS gene expression 
 
A. Growth of Erwinia amylovora WT strain, amyR mutant, complemented strains and amyR 
over-expression strains on Luria-Bertani plates. Pictures were taken at 24 h post-inoculation. B. 
Amylovoran production of Erwinia amylovora WT strain, amyR mutant, complemented strains 
and different WT strains harboring high-copy number of amyR in vitro. Bacterial strains were 
grown in MBMA media with 1% sorbitol for 24 hours at 28°C with shaking. The amount of 
amylovoran was measured with the CPC assay and normalized to a cell density of 1. 1: Ea1189, 
2: ΔamyR, 3: ΔamyR (pAmyR3), 4: ΔamyR (pAmyR2), 5: Ea273, 6: Ea273 (pAmyR2). C. Gene 
expression of the amsG gene in WT and the amyR mutant in vitro and in vivo. GFP intensity in 
WT strain and amyR mutant containing the amsG promoter GFP fusion plasmid was measured 
by flow cytometry. GFP-A: green fluorescence protein absorbance. D. Relative quantification of 
amylovoran biosynthetic genes in amyR mutant compared to WT strain by qRT-PCR. E. Relative 
quantification of amylovoran biosynthetic genes in Ea1189 containing high-copy of amyR 
compared to WT strain by qRT-PCR. Bacterial cells were grown in MBMA and LB media with 
1% sorbitol for 18 hours at 28°C with shaking. F. Type III secretion gene expression in pears. 
Relative quantification of hrpN, dspE and hrpA genes in Ea1189 containing high-copy of amyR 
compared to WT strain by qRT-PCR.  
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Figure 6.5 Over-expression of amyR gene suppresses amylovoran production in 
amylovoran-overproducing mutant strains 
 
A. Amylovoran production of various mutant strains with or without over-expressing Erwinia 
amyR. Bacterial strains were grown in MBMA media with 1% sorbitol for 24 hours at 28°C with 
shaking. The amount of amylovoran was measured with the CPC assay and normalized to a cell 
density of 1. B. Relative expression of amyR and amylovoran biosynthetic genes in the mutant 
strains with or without over-expressing Erwinia amyR by qRT-PCR. Bacterial strains were 
grown in MBMA media with 1% sorbitol for 18 hours at 28°C with shaking. 1: ΔrcsC, 2: ΔrcsC 
(pAmyR2), 3: ΔenvZ, 4: ΔenvZ (pAmyR2), 5: ΔompR, 6: ΔompR (pAmyR2), 7: ΔgrrS, 8: ΔgrrS 
(pAmyR2), 9: ΔgrrA, 10: ΔgrrA (pAmyR2), 11: Δhns, 12: Δhns (pAmyR2).  
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Figure 6.6 Impact of amyR on bacterial motility 
 
A. Effect of amyR mutation or over-expression on motility. Cells were spotted at the center of 
the swarming plate (0.3% agar) and incubated at 28°C for 48 h. B. Comparison of the swarming 
distance of different strains. For irregular movement, we measured the longest point. 1: Ea1189, 
2: ΔamyR, 3: ΔamyR (pAmyR3), 4: Ea1189 (pAmyR3), 5: Ea1189 (pAmyR2), 6: Ea273, 7: 
Ea273 (pAmyR3), 8: Ea273 (pAmyR2). Data points represent means of three replicates ± 
standard deviations. Similar results were obtained in three independent experiments.  
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CHAPTER 7 
 
ORPHAN GENE YBJN OF ESCHERICHIA COLI CONVEYS PLEIOTROPIC EFFECTS 
ON STRESS RESPONSE AND SURVIVAL 
 
Abstract 
YbjN, an enterobacteria-specific protein, is a multicopy suppressor of ts9 temperature 
sensitivity in Escherichia coli. In this study, we further explored the roles of ybjN, an orphan 
gene in E. coli. First, we demonstrated that ybjN gene was down-regulated about 10-fold in ts9 
strain compared to that of the wild type strain (WT). Introduction of multicopy of ybjN in ts9 
strain resulted in ybjN over-expression for about 10-fold as compared to that of the WT. These 
results suggested that the temperature sensitivity of E. coli ts9 mutant may be related to 
expression level of ybjN. We then determined that the expression of ybjN was higher at 
logarithmic phase and low (37°C) temperature than those at stationary phase and high (42°C) 
temperature in the WT strain. Characterization of the E. coli ybjN mutant revealed that ybjN 
mutation caused pleiotropic phenotypes, including increased motility, fimbriation, 
exopolysaccharide production, and biofilm formation. In contrast, over-expression of ybjN (in 
terms of multicopy) resulted in reduced motility, fimbriation (auto-aggregation), 
exopolysaccharide production, biofilm formation and acid resistance. In addition, our results 
indicate that a ybjN-homolog gene from Erwinia amylovora, a plant enterobacterial pathogen, is 
functionally conserved with that of E. coli, suggesting similar evolution of YbjN family protein 
in enterobacteria. Microarray analysis revealed that the expression levels of ybjN were inversely 
correlated with expression of flagellar, fimbrial, and acid resistance genes. Over-expression of 
ybjN significantly down-regulated genes involved in citric acid cycle, glycolysis, the glyoxylate 
shunt, oxidative phosphorylation, amino acid and nucleotide metabolism. On the other hand, 
over-expression of ybjN up-regulated toxin-antitoxin modules, SOS responsive pathway, cold 
shock proteins and starvation induced transporter genes. Our results collectively suggest that 
YbjN may play important roles in regulating bacterial multicellular behaviors, metabolism and 
survival under various stress conditions in E. coli. These results also suggest that ybjN over-
expression-related temperature rescue of ts9 mutant may be due to down-regulation of metabolic 
activity and activation of stress responsive genes in the ts9 mutant.  
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7.1 Introduction 
Microorganisms survive in different environmental conditions through adaptation via 
diverse metabolic pathways. Microbial genome projects have revealed that functions of about 
half of the genes in any given genome have unknown functions (Koonin and Galperin, 2002; 
Bork, 2000). These genes are annotated as genes of unknown function, and are typically referred 
to as ‗conserved‘ or ‗hypothetical‘ genes. As one of the best-studied prokaryotic model 
organisms, around 2000 out of 4377 genes in E. coli strain K12 have never been experimentally 
characterized (Thomas, 1999). In the last decade, around 30 new E. coli genes are experimentally 
characterized per year, and thus it will take many decades before the biological function of all 
these proteins is established. These conserved hypothetical genes pose a major challenge to the 
efforts towards understanding the complete genomes or metabolic pathways (Galperin, 2001).  
Therefore, understanding the function of these unknown genes is fundamental to understanding 
the biology of an organism, as well as opening up enormous biomedical and commercial 
opportunities (Frazier et al., 2003). 
On the other hand, orphan genes (ORFans) are annotated genes that exclusively exist in a 
particular genome, strain, species or lineage. Often, orphan genes span similar size distribution 
(400-600 bp), and they are significantly shorter than genes (800-1000 bp) with heterogeneous 
occurrence in distantly related prokaryotic species (Daubin and Ochman, 2004). The difficulty to 
study the function of ORFans is that a comparative genomic approach to compare gene function 
and evolution is not feasible. One of the enterobacteria-specific orphan genes is annotated as 
ybjN gene, which is also annotated as a hypothetical gene (Narra et al., 2008). So far, our 
knowledge about the function of ybjN gene or its functional conservation among enteric bacteria 
is very limited. 
There have been limited reports on the function of the ybjN gene. Using genetic 
screening, Chen et al. (2006) found that over-expression (multicopy) of ybjN suppresses the 
temperature sensitivity conferred by point mutations in the coaA gene in E. coli ts9 strain, which 
can only grow at 30°C (Chen et al., 2006). In addition, temperature-sensitivity caused by other 
point mutations such as coaA14 (DV51 strain), coaA15 (DV70 strain) and ilu-1 can also be 
rescued by ybjN over-expression. However, these rescued strains can only grow at 37°C, but not 
at 40°C, at which most ts9 spontaneous revertants can grow, indicating that the rescued strain is 
not the result of reversion of the point mutation. They have proposed that YbjN may function as 
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a general stabilizer for some unstable proteins. However, no interacting protein for YbjN has 
been found in a recent pull-down assay for E. coli K12 strain (Arifuzzaman et al., 2006). It has 
been reported that expression of ybjN is up-regulated several folds when MarA, a transcriptional 
activator of antibiotic resistance, is constitutively expressed (Barbosa et al., 2000). Microarray 
analysis has also revealed that ybjN expresses at a high level in E. coli under various stress 
conditions (Bore et al., 2007; Hayashi et al., 2003; Keeney et al., 2007). These results suggest 
that YbjN might be a general stress responsive gene or as we phrased here as a ―survival‖ gene.  
Recent studies have further indicated that ybjN may play a role in bacteria-host 
interaction and virulence. Whole-genome expression profiling has revealed that ybjN is 
significantly induced in E. coli during growth on mucus, conditions designed to mimic the 
human intestine (Chang et al., 2004). The expression of ybjN gene is also increased 3-fold in 
enterohemorrhagic E. coli O157:H7 after human macrophage infection (Poirier et al., 2008). We 
have reported that an YbjN homolog in Erwinia amylovora, a plant enterobacterial pathogen 
causing fire blight of apples and pears, negatively regulates amylovoran production, which is a 
major virulence factor (Zhao et al., 2009). Mutations in ybjN gene results in increased virulence 
as compared to that of the wild type strain (unpublished data). These results strongly suggest that 
YbjN may be required for regulation of bacterial virulence factors and establishment or 
maintenance of bacteria–host interaction. 
The goals of this study were 1) to characterize the effect of ybjN knockout in E. coli; 2) to 
further determine how over-expression of ybjN affects E. coli under various stress conditions as 
well as its multicellular behaviors; and 3) to determine how ybjN knockout and over-expression 
affect global gene expression in E. coli. We first confirmed previous finding that ybjN acted as a 
suppressor of ts9 temperature sensitivity. We further demonstrated that expression level of ybjN 
was directly related to its ability to rescue the temperature sensitivity of E. coli ts9 mutant. In 
addition, over-expression of Erwinia amylovora ybjN gene can also rescue temperature 
sensitivity of E. coli ts9 strain, suggesting that ybjN genes are functionally conserved among 
enterobacteria. We also observed pleiotropic phenotypes for E. coli ybjN knockout mutant, 
including increased motility, fimbriation, exopolysaccharide production, and biofilm formation. 
In contrast, over-expression of ybjN resulted in reduced motility, fimbriation (auto-aggregation), 
exopolysaccharide production, biofilm formation and acid resistance. Microarray analysis 
revealed that flagellar, fimbriae and acid resistance genes were significantly up-regulated in ybjN 
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mutant and down-regulated in ybjN over-expression strain. Array results also revealed that ybjN 
over-expression induced the expression of multiple stress responsive genes such as SOS and 
toxin-antitoxin genes, and suppressed many metabolic and biosynthetic genes.  
 
7.2 Materials and methods 
7.2.1 Bacterial strains and media 
Bacterial strains and plasmids used in this study are listed in Table 7.1. The LB broth and 
M9 medium (Fredericks et al., 2006) are used routinely for culturing E. coli. Acid resistance was 
carried out in minimal E medium containing 0.4% glucose (EG: MgSO4-7H20 (0.2 g), citric acid-
H20 (2 g), K2HP04.anhydrous (10 g), and NaNH,HP04-4H20 (0.35 g) in 1 liter distilled water) 
(Vogel and Bonner, 1956). When necessary, the following antibiotics were added to the medium: 
50 µg ml
-1
 kanamycin and 100 µg ml
-1
 ampicillin.   
7.2.2 DNA manipulation and sequence analysis  
Plasmid DNA purification, PCR amplification of genes, isolation of fragments from 
agarose gels, cloning, and restriction enzyme digestion and T4 DNA ligation were performed 
using standard molecular procedures (Sambrook et al., 2001). DNA sequencing was performed 
at the Keck Center for Functional and Comparative Genomics at the University of Illinois at 
Urbana-Champaign. Sequence management and contig assembly were conducted using 
Sequencher 4.7 software. Database searches were conducted using the BLAST programs at 
NCBI (www.ncbi.nlm.nih.gov/BLAST) (Altschul et al., 1997).   
7.2.3 Cloning ybjN gene from E. coli and E. amylovora 
For ybjN over-expression, the flanking sequences of the ybjN ORF in E. coli and E. 
amylovora were used to design primers to amplify fragments of the genes and their promoter 
sequences. Primer pairs ybjN1-ybjN2 without restriction sites and ybjN3-ybjN4 were used to 
amplify 0.9 kb and 1.1 kb DNA fragments from E. coli K12 and E. amylovora Ea1189 strain 
(Wang et al., 2010), which contains upstream and downstream sequences of the ybjN gene, 
respectively.  The two PCR fragments were cloned into pGEM T-easy vector through A-T 
ligation. The final plasmids were designated pYbjN1 and pYbjN2, respectively. All plasmids 
were introduced into E. coli strain by electroporation. Transformants were selected on LB plates 
supplemented with ampicillin. Their genotypes were confirmed by sequencing. 
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7.2.4 Growth rate assay 
Overnight cultures were inoculated in LB or M9 with the initial OD600 at 0.001. The 
optical density was measured periodically. Growth rate constant was calculate: µ = ( (log10 Nt - 
log10 N0) 2.303) / (t - t0), Nt: cell number at end point (t) of log phase, N0: cell number at 
beginning (t0) of log phase. Bacterial number at time point t and t0 was determined by dilution 
plating on LB plates with or without antibiotic. 
7.2.5 Suspension autoaggregation assay 
To assess autoaggregation property in different strains, the
 
suspension clumping assay 
was used to monitor bacterial settling over
 
time as described previously (Ulett et al., 2006). 
Overnight bacterial suspensions were grown in LB broth, harvested by centrifugation, and 
resuspended in 1 ml fresh LB. The concentration for each strain was adjusted to OD600 at 1.0 in a 
15 ml glass tube. Fifty microliter samples (n = 3)
 
were taken approximately 0.5 cm below the 
surface of the
 
liquid cultures at 0, 1, 2, 3, 4, 5, 6 and 24 h, diluted 10-100 times and then OD600 
was measured. Data was shown as the mean absorbance ± SD, where the degree of 
autoaggregation is inversely proportional
 
to the turbidity. 
7.2.6 Visualization of pili by transmission electron microscopy (TEM) 
TEM was used to detect fimbriae on bacteria grown in M9 medium. Cells were grown 
aerobically with 250 rpm agitation at 34°C in M9 to an OD600 = 0.8. A 10 µl bacterial cell 
suspension
 
was adsorbed onto a glow-discharged Formvar-coated
 
copper grid for 10 min. 
Samples were negatively stained with 1% phosphotungstic acid (pH 7.0) and after 1 min the grid 
was washed carefully
 
in sterile distilled water and visualized on a Philips CM200 electron 
microscope (FEI Company). Micrographs were taken at an accelerating voltage of 80 kV. 
7.2.7 Bacterial motility assay 
For E. coli WT, ybjN mutant and ybjN over-expression strain, bacterial suspensions were 
grown overnight in LB broth. 5 µl of the bacterial suspension was plated onto the center of 
motility agar plates (10 g tryptone, 5 g NaCl, 2.5 g agar per liter distilled water) as previously 
described (Fredericks et al., 2006). Diameters were determined following incubation at 30°C for 
up to 24 h. The experiments were repeated at least three times.  
7.2.8 Biofilm formation assay 
Biofilm formation was determined using polyvinylchloride (PVC) microtitre plate as 
described previously, with a few modifications (Ferrières and Clarke, 2003). Briefly, bacterial 
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strains were grown overnight in LB at 28 °C with agitation and diluted (1:150) in LB broth. 
Aliquots of 150 µl of the diluted culture were added to the wells of a PVC microtitre plate, and 
the plate was incubated at 28°C without shaking. After 48 h, the planktonic bacteria were 
carefully removed by pipetting, and the wells were washed with water. To visualize biofilm 
formation, 200 µl of 1% (w/v) crystal violet (CV) was added to each well, and the wells were 
incubated at room temperature for 5 min before rinsing in tap water. To quantify biofilm 
formation, the CV was dissolved into 200 µl of acetone-ethanol (20:80), and CV concentration 
was determined by measuring the OD540 of a 100 µl sample diluted in 1 ml of H2O. 
7.2.9 Acid resistance assay 
To test for acid resistance, cells were grown in LB for 22 h, collected by centrifugation at 
4000 rpm for 10 min, and washed with PBS for three times. Pellets were re-suspended in 200 µl 
PBS, and 10-fold serial dilutions of bacterial suspensions were made into pre-warmed EG 
medium pH 2.5 to test acid resistance. Viable counts were determined at time 0, 1, 2, 3 and 4 h 
after acid challenge. The experiment was repeated at least three times. 
7.2.10 RNA isolation 
Bacterial strains were grown overnight in LB broth supplemented with/without 
antibiotics and diluted in 5 mL M9 media at an OD600 of 0.005. After eight hours growth at 34°C 
in M9 medium, 2 mL of RNA Protect Reagent (Qiagen) was added to 1 ml bacterial cultures (at 
OD600 of about 0.5-0.8) to stabilize RNA. Cells were then harvested by centrifugation for 10 min 
at 4000 g and RNA was extracted using Qiagen Bacterial RNA Mini Kit. DNase (Qiagen, 
Hilden, Germany) was used to eliminate residue genomic DNA by an on-column digestion 
method. RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent 
Technologies, Palo Alto, CA, USA) according to manufacturer's instructions. 
7.2.11 Quantitative real-time PCR (qRT-PCR) 
qRT-PCR was performed to compare the relative expression of target genes of E. coli 
ybjN mutant or ybjN over-expression strain with the WT strain. One microgram of total RNA 
was reverse-transcribed in a 20 µl final reaction volume using SuperScript® III Reverse 
Transcriptase (Invitrogen, Carlsbad, CA, USA) following the manufacturer's instructions. For 
each sample, negative reverse transcription reaction was done to verify the absence of genomic 
contamination in subsequent qPCR. Primer sequences (Table 7.1) were designed using Primer3 
(http://frodo.wi.mit.edu/primer3/). BLAST searches were performed to confirm gene specificity 
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and the absence of multi-locus matching at the primer site. SYBRGreen q-PCR reactions were 
performed using the ABI 7300 System (Applied Biosystems) in 96 well optical reaction plates. 1 
µl of cDNA (100 ng/reaction), or water (no-template control) were used as template for q-PCR 
reactions with Fast SYBR Green PCR Master Mix (Applied Biosystems) and primers at 500 nM 
final concentration. Primer pairs ybjNEc1-ybjNEc2, ybjNEa1-YbjNEa2, 16S1-16S2, fliA1-
fliA2, flgD1-flgD2, fimD1-fimD2, gadA1-gadA2, gadB1-gadB2, gadE1-gadE2, msqR1-msqR2, 
ygiT1-ygiT2, relB1-relB2 and relE1-relE2 were used to detect the expression of E. coli ybjN, 
Erwinia ybjN, E. coli rrsA, fliA, flgD, fimD, gadA, gadB, gadE, msqR, ygiT, relB and relE genes, 
respectively. Real-time q-PCR amplifications were carried out (50°C for 2 min, 95°C for 10 min, 
followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min, and a final dissociation curve 
analysis step from 65°C to 95°C). Technical replicate experiments were performed for each 
biological triplicate sample. Amplification specificity for each qPCR reaction was confirmed by 
the dissociation curve analysis. Ct values were then used for further analysis. 
Levels of gene expression were analyzed using the relative quantification (delta delta-Ct 
method). 16 s rDNA rrsA was used as the housekeeping gene to normalize our samples. A 
relative quantification (RQ) value was calculated for each gene with the control group as a 
reference. A p-value was computed using a moderated t-test to measure the significance 
associated with each RQ value. Variations were considered statistically significant when the p-
value was < 0.05. RQ values for ybjN mutant and over-expression strains were then normalized 
to those of WT. 
7.2.12 Microarray analysis 
10 µg of total RNA from each samples were reverse transcribed and labeled by Cy3 using 
the FairPlay III Microarray Labeling Kit (Stratagene, La Jolla, CA, USA) according to 
manufacturer's instruction, except that purification steps were done using the QIAquick PCR 
mini column system (Qiagen, Hilden, Germany). Labeling efficiency and product integrity was 
checked by Nano-drop Microarray program. The hybridization experiment was performed using 
0.6 µg Cy3-labeled cDNA in the presence of a 2× Hybridization Buffer (Agilent technologies, 
Santa Clara, CA, USA) on the E. coli microarray (8 x 15K slide format printed using Agilent's 
60-mer SurePrint technology) for 17 hours at 65°C, in a rotating oven (10 rpm). The hybridized 
slides were first washed for 1 min in Gene Expression Wash Buffer 1 (Agilent technologies, 
Santa Clara, CA, USA) at room temperature, then for another 1 min in Gene Expression Wash 
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Buffer 2 (Agilent technologies, Santa Clara, CA, USA) at 37°C. Slides were scanned using an 
Axon 4000B at 5-µm resolution. All slides were scanned using 100% laser power; PMT voltages 
were automatically adjusted using the Genepix Pro 6.0 software acquisition system to obtain 
maximal signal intensities with <0.005% probe saturation. The resulting 16 bit images were 
processed using the GenePix Pro 6.0 image analysis software (v6.0.1.26). Raw data were 
normalized using the glowess method.  
Statistical comparisons were performed using multiple testing procedures to evaluate 
statistical significance for differentially expressed genes. A modified t-test was computed to 
measure the significance associated with each differential expression value. An error rate (p-
value), measuring the risk of false predictions of differentially expressed genes was associated 
with each test value. A gene expression value was decided to be significantly different in the 
mutant and over-expression strains when the p-value was less than 0.05 (except otherwise 
mentioned) and the expression ratio was ≥ 2.0 or ≤0.5. Gene functions were assigned using data 
from EcoCyc (http://ecocyc.org/). 
 
7.3 Results 
7.3.1 Orphan gene ybjN is a multi-copy suppressor of the coaA-associated temperature 
sensitivity in ts9 mutant in E. coli 
 
In a previous genetic screening, it has been reported that E. coli ybjN gene is a multi-copy 
suppressor of the coaA-associated temperature sensitivity in ts9 mutant (Chen et al., 2006). To 
reconfirm this result and to determine whether a homolog of ybjN from Erwinia amylovora has 
similar function, multicopy plasmids containing ybjN were introduced into ts9 strain. As shown 
in Fig. 7.1A, ts9 strain with the empty vector can only grow at 28°C, but not 37°C; while wild 
type strain can grow at both temperatures. Consistent with the previous report, ts9 strain 
harboring high copy number of both E. coli and Erwinia ybjN genes grew at 37°C (Fig. 7.1A), 
but not at 40°C (data not shown). These observations re-confirmed previous findings that ybjN is 
a multi-copy suppressor of temperature sensitivity in ts9 strain. These results also indicate that E. 
amylovora ybjN functions similarly as that of E. coli.  
7.3.2 Multicopy rescue of temperature sensitivity of E. coli ts9 mutant was correlated with 
the expression level of ybjN  
To determine whether the rescue of temperature sensitivity in E. coli ts9 mutant is due to 
the over-expression of ybjN transcript, we performed qRT-PCR to quantify the relative 
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expression of ybjN gene in WT, ts9 strain and ts9 strain harboring multicopy of ybjN genes. As 
shown in Fig. 7.1B, ybjN gene was around 10-fold down-regulated in ts9 strain compared to that 
of the WT strain. When multicopy of ybjN was introduced into ts9 strain, the expression of ybjN 
was about 10- and 100-fold higher than those of the WT and ts9 strain, respectively (Fig. 7.1B). 
These results indicate that ybjN gene is significantly down-regulated in ts9 strain and multicopy 
of ybjN genes leads to the over-expression of ybjN transcripts, suggesting that the temperature 
sensitivity of E. coli ts9 mutant may be related to the expression level of ybjN.  
7.3.3 YbjN is widely distributed in enterobacteria   
  Both E. coli and E. amylovora ybjN genes are very small in size, encoding conserved 
protein with 158 and 161 amino acids, respectively. Basic Local Alignment Search Tool (blastp) 
was used to determine the distribution of YbjN (Altschul et al., 1997). As listed in Table 7.2, 
YbjN orthologs are conserved in Enterobacteriaceae. The gene content surrounding the ybjN 
gene was also analyzed in various enterobacteria. Downstream of the ybjN orthologues is the 
potFGHI operon, which is predicted to encode a putrescine ABC transport system (Fig. 7.2). In 
E. amylovora and E. tasmaniensis, the gene upstream of ybjN loci is nfsA gene, which encodes a 
nitroreductase. Whereas, a gene named rimK, involved in ribosomal S6 protein modification, sits 
in the middle of ybjN and nfsA in E. coli, Salmonella enterica, Pectobacterium carotovorum and 
Dickeya didanta. Unlike E. coli, Yersinia pestis lacks the nfsA and rimK , replacing them with a 
gene encoding a putative membrane protein. A BLASTP search has revealed that YbjN of E. coli 
shares 87%, 69%, 68%, 68%, 66% and 65% amino acid identity and 92%, 85%, 83%, 82%, 82% 
and 85% amino acid similarity with that of S. enterica, Y. pestis, E. tasmaniensis, P. 
carotovorum, E. amylovora and D. didanta, respectively (Table 7.2 and Fig. 7.3). In addition, 
YbjN is predicted to be an acidic 17 kD cytoplasmic protein with isoelectric points of 4.1, 4.1, 
4.3, 4.3, 4.4 and 4.5 for E. coli, Y. pestis, S. enterica, D. didanta, P. carotovorum, and E. 
amylovora, respectively (http://ca.expasy.org/tools/pi_tool.html).  
7.3.4 Over-expression of YbjN suppresses bacterial growth in liquid 
To determine whether YbjN affects bacterial growth, bacterial growth in terms of optical 
density and growth rate constants at the exponential phase in WT, the ybjN mutant and the WT 
over-expressing ybjN were determined in both M9 medium and LB broth. As shown in Fig. 
7.4A, WT and ybjN mutant showed a similar growth curve and the growth rate constants for the 
two strains were around 1.23 and 1.24, respectively. In contrast, ybjN over-expressing strains 
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grew slower than that of the WT strain and the growth rate constant was only 0.68, about half of 
that of the WT strain. In LB broth, bacteria grew relatively fast compared with that in minimal 
medium for all strains (data not shown). The growth rate constants for WT and ybjN mutant were 
2.26 and 2.28, as compared to 1.72 for ybjN over-expressing strains in LB broth. These results 
indicate that over-expression of ybjN arrests bacterial growth in E. coli. We then determined the 
relative expression level of ybjN in WT, ybjN mutant and WT over-expressing ybjN in M9 
medium by qRT-PCR at mid-logarithmic phase (8 h). As expected, ybjN gene was not expressed 
in the mutant strain. Multicopy of ybjN caused about 20-fold increase of ybjN transcripts in WT 
strain (data not shown), suggesting growth inhibition may also be related to the expression level 
of ybjN.  
Recent reports have revealed the importance of toxin-antitoxin genes such as mqsR/ygiT 
and relE/relB in controlling bacterial growth (Kasari et al., 2010; Li et al., 2009). To determine 
whether the inhibitory effect of ybjN over-expression on bacterial growth is mediated by or 
related to toxin-antitoxin genes, we performed qRT-PCR analysis to quantify the relative 
expression of mqsR, ygiT, relE and relB between WT and WT strain over-expressing ybjN. Our 
results showed that mqsR, ygiT, relE and relB genes in the WT strain over-expressing ybjN were 
significantly up-regulated 15.8, 9.9, 5.6 and 3.1-fold, respectively, as compared to those in the 
WT strain (Fig. 7.4B). These results indicate that over-expression of ybjN in WT strain results in 
an imbalance of toxin and antitoxin genes, suggesting that the inhibitory effect of over-
expression of ybjN on bacterial growth may be partly related to the induction of toxin-antitoxin 
genes. 
7.3.5 YbjN negatively regulates fimbriae formation and over-expression of ybjN results in 
autoaggregation 
During the course of experiments, the bacterial strain over-expressing ybjN precipitated 
within a few hours after removal from the shaker (Fig. 7.5A). To gain more insight into this 
autoaggregation phenomenon, we investigated the kinetics of ybjN-mediated autoaggregation. As 
shown in Fig. 7.5AB, the cells of strain over-expressing ybjN rapidly autoaggregated and settled 
within 6 hours when liquid culture were left undisturbed. In contrast, cells of WT and the ybjN 
mutant in the liquid culture stayed in planktonic form under similar conditions for the duration of 
experiment (Fig. 7.5AB). On the other hand, ybjN mutant appeared slightly resistant to 
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aggregation compared to the WT (Fig. 7.5B). These results indicate that over-expression of ybjN 
results in autoaggregation.  
Previous studies have reported that autoaggregation is inversely correlated with fimbrial 
formation (Ulett et al., 2006). Transmission electron microscopy was used to visualize the Type I 
fimbriae formation by WT, ybjN mutant and strains over-expressing ybjN. As shown in Fig. 
8.3C, deletion of the ybjN gene led to over-production of fimbriae and the ybjN mutant produced 
about 3 times more fimbriae than that of the WT strain. In contrast, no pilus was observed in the 
strain over-expressing ybjN.  
To correlate fimbrial formation with fimbrial gene expression, the relative expression of 
fimD gene, which encodes an outer membrane usher protein for fimbriae biosynthesis, was 
quantified in WT, ybjN mutant and strains over-expressing ybjN by qRT-PCR (Fig. 7.5D). Total 
RNA were isolated from bacterial cells grown at 34°C in M9 to an OD600 of 0.8. Our results 
showed that the fimD gene was up-regulated 8-fold in ybjN mutant and down-regulated 12-fold 
in strain over-expressing ybjN as compared to that of the WT strain (Fig. 7.5D). These results 
indicate that YbjN negatively regulates fimbriae formation by suppressing fimbrial gene 
expression, suggesting that autoaggregation observed in strain over-expressing ybjN may be due 
to deficiency of Type I fimbriae formation.  
7.3.6 YbjN suppresses bacterial motility and negatively regulates flagellar gene expression 
Bacterial motility was assessed for WT, ybjN mutant and strain over-expressing ybjN by 
inoculating bacterial cells on a motility plate (0.25% agar) and measuring the diameter of the 
circle covered by bacterial cells for up to 24 h as described previously (Fredericks et al., 2006). 
The ybjN mutant exhibited enhanced motility compared with that of the WT strain 12 h 
following inoculation (Fig. 7.6AB). In contrast, strain over-expressing ybjN barely showed any 
motility in the first 12 h. The diameters for the WT, ybjN mutant and strain over-expressing ybjN 
at 12 h were about 0.84 ± 0.02, 1.88 ± 0.04 and 0.41 ± 0.01 (longest part of the irregular 
movement), respectively. These results indicate that YbjN is a negative regulator of bacterial 
motility in E. coli. 
We also utilized qRT-PCR to determine flagellar-related gene expression in these 
bacterial strains, including fliA (sigma F factor) and flgD (flagellar hook assembly protein), in 
M9 medium at mid-logarithmic phase. Expression of fliA and flgD in ybjN mutant was up-
regulated for 12.5 and 11.3 fold, as compared to that of the WT (Fig. 7.6C). Whereas over-
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expression of ybjN in WT results in 8.8 and 9.2 fold decreased expression of fliA and flgD gene, 
respectively. These findings indicate that YbjN negatively regulates flagellar gene expression 
and this suppression is correlated with the expression level of ybjN gene.  
7.3.7 Suppressive impact of ybjN on capsular biosynthesis 
To determine whether YbjN also influences capsular biosynthesis, we compared the level 
of mucoidity of WT, ybjN mutant and strains over-expressing ybjN on LB plate with 700 mM 
sodium chloride after 24 h incubation at 37°C. As shown in Fig. 7.7A, ybjN mutant colonies 
exhibited very mucoid phenotype, characteristic of cells that produce excessive colanic acid. WT 
colonies also appeared mucoid, although to a less extent than that of the ybjN mutant (Fig. 7.7A). 
In contrast, non-mucoid colonies were observed for WT and ybjN mutant strains harboring 
multicopy ybjN plasmids from both E. coli and E. amylovora. These observations indicate that 
YbjN negatively regulates capsule formation.  
To further explore how YbjN affect capsule biosynthesis, multicopy ybjN plasmid was 
introduced into ∆acka and ∆acka/rcsC mutant strains. These mutant strains are very mucoid due 
to the over-expression of acetyl~P and hence phospho-RcsB as reported previously (Frederick et 
al., 2006). As reported, acka and acka/rcsC mutants formed mucoid colonies after 24 h 
incubation on LB plate (Fig. 7.7B, Frederick et al., 2006). Interestingly, multicopy of E. coli and 
E. amylovora ybjN suppressed the mucoid phenotype in both acka and acka/rcsC mutants and 
the colonies were similar to those of WT strain (Fig. 7.7B). These results indicate that YbjN is a 
negative regulator of capsule biosynthesis, and suggest that YbjN may directly affect the 
phosphorylation of RcsB in the Rcs phosphorelay system.  
7.3.8 Negative impact of ybjN on biofilm formation 
Previous studies have indicated that production of colanic acid in E. coli K-12 is 
important for the maturation of biofilms (Danese et al., 2000). On the other hand, fimbriae and 
flagella are required for the initial attachment during biofilm formation in E. coli (Pratt and 
Kolter, 1998). Therefore, we hypothesized that YbjN may also play a role in biofilm formation. 
To prove this hypothesis, the abilities of WT, ybjN mutant and strain over-expressing ybjN to 
form biofilms on a PVC microtitre plate were tested as previous described (Ferrières and Clarke, 
2003; see Materials and methods). As expected, the CV staining for WT was obvious compared 
to the control, indicating that WT strain forms a good biofilm on PVC plate (Fig. 7.8A). The 
ybjN mutant formed a much stronger biofilm than that of the WT, whereas WT with high-copy 
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number plasmids containing ybjN gene were greatly impaired in forming normal biofilms (Fig. 
7.8A). Quantitative analysis revealed that biofilm formed by ybjN mutant and strain over-
expressing ybjN was about 3 fold higher than or half of that of the WT strain, respectively 
(Fig. 7.8B). These results indicate that YbjN suppresses normal biofilm formation in E. coli. 
7.3.9 Over-expression of ybjN confers acid susceptibility   
Often, many enteric bacteria encounter an extreme acidic pH condition during 
interactions with the host, for example while passing
 
through the gastrointestinal tract. Based on 
this observation, we also investigated whether YbjN confers acid resistance. E. coli WT, ybjN 
mutant and strain over-expressing ybjN were tested for their survival at pH 2.5. As shown in Fig. 
7.9A, all three strains had similar survival rate at pH 7.0. When the cells were treated with strong 
acid condition, both the wild-type strain and ybjN mutant started very sensitive to acid treatment, 
but became slightly resistant to acid treatment after 2 h, with ybjN mutant (Log CFU = 2.3) 
appeared slightly more resistant than the WT (Log CFU = 2.1) at 4 h. Interestingly, the strain 
over-expressing ybjN was highly susceptible to acidic treatment (Fig. 7.9A). After 1 h exposed to 
pH 2.5, the Log CFU number decreased from 6.8 to 2.0 and at 4 h, no bacterial colony was 
formed on the LB plate. The results clearly indicate that over-expressing of ybjN leads to 
increased acid susceptibility. 
Previous studies have reported that a cluster of genes in the E. coli genome is 
indispensable for the bacterial survival in acidic stress including the gad operon. To determine 
whether ybjN-mediated acid susceptibility is due to change in gene expression of gad operon, the 
relative expression of gadA, gadB and gadE in M9 medium at mid-logarithmic phase were 
measured by qRT-PCR. Our results clearly showed that all three genes were significantly down-
regulated for about 12 to18 fold in the strain over-expressing ybjN as compared to that of the WT 
strain. These results suggest that acid susceptibility in ybjN over-expression may be through 
suppressing acid resistance gene expression such as gadABE. 
7.3.10 Expression of ybjN is growth stage, temperature and stress-dependent 
Our data clearly indicate that ybjN is a stress-related gene. Therefore, we also determined 
the expression of ybjN gene in the WT strain under different growing stages and stress 
conditions. The expression of ybjN was higher in the log phase than that of the stationary phase 
in both LB and M9 media (Fig. 7.10AB). The expression level of ybjN decreased when 
temperature shifted from 28°C to 42°C (Fig. 7.10ABC). The ybjN transcripts at 42°C were about 
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3 fold less than that at 37°C. In addition, expression of ybjN was induced at least 10 fold after 
two hours treatment at pH 4.0 compared to that at pH7.0. Our results demonstrated that 
expression of ybjN is growth stage, temperature and stress-dependent. These results confirm our 
above findings and suggest that ybjN is a stress responsive gene.  
7.3.11 Global gene expression in ybjN mutant or over-expression strain  
Given the fact that YbjN exerted pleiotropic effects on E. coli, a microarray was utilized 
to globally identify how many genes are regulated by ybjN in E. coli K-12. We compared WT to 
both ybjN knockout mutant and ybjN over-expression strain in M9 medium at 8 h. Based on this 
microarray analysis, 56 genes were up-regulated and 123 genes were down-regulated in ybjN 
mutant (data not shown). A larger set of genes appeared to be affected by ybjN over-expression, 
271 genes were up-regulated and 367 genes were down-regulated.  
A total of 179 genes affected by ybjN mutation were assigned to 17 functional categories 
according to the JCVI categories including amino acid biosynthesis; biosynthesis of cofactors, 
prosthetic groups, and carriers; cell envelope; cellular processes; central intermediary 
metabolism; energy metabolism; fatty acid and phospholipid metabolism; mobile and 
extrachromosomal element functions; protein fate; protein synthesis; purine, pyrimidines, 
nucleosides and nucleotides; regulatory functions; transcription; transport and binding proteins; 
and hypothetical, unknown, and unclassified proteins  (Fig. 7.11). The 638 genes affected by 
ybjN over-expression were assigned into 18 functional categories as those mentioned above 
(except fatty acid and phospholipid metabolism) plus DNA metabolism and mobile and 
extrachromosomal element functions. About 50.3% (90 of 179) of genes of the ybjN mutant and 
40.0% (253 of 638) genes of the ybjN over-expression strain were hypothetical, unclassified and 
unknown functions. These results suggest that YbjN not only interferes with the energy 
metabolism and amino acid biosynthesis inside the bacterial cells, it also regulates the nature of 
cell envelope and nutrient acquirement.  
7.3.12 Inverse correlation of ybjN expression with the expression of flagellar, fimbrial and 
acid resistance genes 
Consistent with our qPCR results, fliA gene was up-regulated 16-fold in the ybjN mutant 
and down-regulated 3-fold in the ybjN over-expression strain (Table 7.3). Several FliA controlled 
genes such as flgB, flgD, flgE, fliG, fliJ, flil and fliM were all up-regulated in the ybjN mutant and 
down-regulated in the ybjN over-expression strains. These results further demonstrate that ybjN 
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negatively regulates bacterial motility by affecting flagellar gene expression. YbjN expression 
was also inversely correlated with the expression of fimbrial genes. On the other hand, genes 
encoding major components of bacterial pili were also significantly up-regulated in the ybjN 
mutant and down-regulated in the ybjN over-expression strain (Table 7.3). These results suggest 
that YbjN plays an important role in the regulation of bacterial surface appendages. 
Furthermore, acid resistant-related genes were also affected in the ybjN mutant and the 
ybjN over-expression strain. These include the general acid resistance gene (hdeD) as well as 
glutamate-dependent acid resistance genes (gadA, gadB and gadC) (Table 7.3). Interestingly, in 
the ybjN over-expression strain, the evgSA two component system and the gadE transcription 
activator were down-regulated 2 to 9 -fold, respectively. These results indicate that ybjN over-
expression may shut down the acid resistance pathway and result in the extreme acid 
susceptibility phenotype as described above. 
7.3.13 Over-expression of ybjN leads to down-regulation of metabolic pathways and up-
regulation of stress-related genes  
The regulon of ybjN over-expression strain included 165 induced genes with assigned 
functions.
 
Large number of up-regulated genes are stress-related (Table 7.4), including cold 
shock genes (cspABFGHI); SOS stress response genes (recAN, sulA, uvrBA,
 
and umuDB); the 
phage-shock genes (pspABCDFG); several toxin/antitoxin modules (MqsRYgiT, RelBE and 
ChpSB), quorum sensing gene sdiA and transporter operons (betABIT, pstABCS, ssuABC and 
puuABCDER), suggesting that over-expression of ybjN confers bacteria more fitness under 
certain stress conditions.  
On the other hand, metabolic pathway genes were down-regulated in ybjN over-
expression strain, including the glyoxylate shunt (ace-BAK), the tricarboxylic acid (TCA) cycle, 
the glycolysis and oxidative phosphorylation (cyoABCDE, sdhAC, frDB and atpDF) (Table 7.5). 
Consistent with growth inhibitory effect, biosynthetic genes were also significantly down-
regulated including biotin (bioABCDF); amino acid (hisACDGI, metACEH, ilvBCHIN and 
trpABCDE) and nucleotide biosynthesis (purBCDEFHKLMNT and pyrBCDEF) (Table 7.6). 
Interestingly, many heat shock genes (groSL, clpB and htpG) and AI-2 transporter genes 
(lsrACDBFG) were also down-regulated in ybjN over-expression strain. These results suggest 
that ybjN over-production may lead to slow growth due to metabolic slow-down.  
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7.4 Discussion  
In this post genomic era, a great challenge facing biologists is to understand the function 
of the unknown genes, which account for about half of a specific genome. These unknown or 
hypothetical genes become the major barriers for understanding the basic biology of 
microorganisms. In this study, we attempted to characterize one hypothetical gene, ybjN, in E. 
coli. One major finding in this study was that we were able to correlate ybjN expression with its 
ability to rescue the temperature sensitivity of the ts9 strain. Secondly, we demonstrated that both 
ybjN knockout and over-expression resulted in pleiotropic effects on bacterial growth, swarming 
motility, fimbriation, capsule formation, biofilm formation and acid resistance. These 
phenotypical observations were further confirmed by global gene expression analysis using 
microarray. Most strikingly, over-production of ybjN significantly induced many stress 
responsive genes whereas suppressed genes involved in energy metabolism and biosynthesis, 
suggesting YbjN may play a significant role in survival under certain stress conditions. 
Furthermore, our results indicate that the ybjN genes from different enterobacteria are 
functionally conserved, suggesting evolutionary conservation for this orphan gene. These results 
are novel and unique in that this gene becomes a target for future study involving in why the 
copy number of a gene in bacterial genome matters. 
Previous study has reported that multicopy of ybjN gene suppresses the temperature 
sensitivity of ts9 strain (Chen et al., 2006). Our results reconfirmed this result and further 
demonstrated that the expression of ybjN gene decreased around 10-fold in ts9 mutant strain, 
whereas multicopy of ybjN gene results in a 100-fold increase of ybjN transcripts in ts9 strain, 
strongly indicating that over-expression of ybjN transcripts may lead  to rescue the temperature 
sensitivity phenotype. Furthermore, ts9 mutant containing multicopy of ybjN gene can not grow 
at 40°C, at which most ts9 spontaneous revertants can grow, indicating that the rescued strain is 
not the result of reversion of the point mutation (Chen et al. 2006). We also sequenced the coaA 
gene from several colonies (data not shown) and did not find any reversion of the point mutation. 
Our data further showed that expression of ybjN at 40°C was significantly decreased as 
compared to that at 37°C, further suggesting that rescue of temperature sensitivity of ts9 strain 
may indeed be directly related to the expression level of ybjN gene. However, although ybjN 
expression level is positively correlated to the ability to survive at high temperature in ts9 
mutant, the mutation of ybjN itself does not result in the temperature sensitivity and the growth 
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of ybjN mutant is similar to WT (data not shown). These results indicate that decrease of ybjN 
expression in ts9 mutant strain alone may not directly contribute to its temperature sensitivity, 
but over-expression of ybjN gene is required for its ability to grow at higher temperature. It is 
still unclear as to why mutations in the ts9 strain result in lower level of ybjN gene expression.  
In this study, microarray results may have provided some insights into this problem. 
Over-expression of the ybjN leads to significant down-regulation of genes involved in 
metabolism, but promotes stress-related gene expression such as the toxin-antitoxin modules, 
SOS stress response genes, cold shock genes and phage-shock genes. This expression pattern is 
very similar to those reported for so-called persister cells (Lewis, 2007). Persister cells are 
dormant variants of normal bacterial cells and are highly tolerant to antibiotics. Transcriptome 
studies of persister cells reveal down-regulation of biosynthesis genes and increased expression 
of toxin/antitoxin modules (MqsRYgiT, RelBE, MazEF, DinJYafQ, HipBA), SOS response and 
cold shock genes (Shah et al., 2006). A recent study reported that MqsR promotes formation of 
persister cells through the activation of the cold shock protein CpsD (Kim et al., 2010). It has 
also been reported that over-expression of the RelE toxin, an inhibitor of translation, results in 
cellular function shut-down  and a sharp increase in persisters (Keren et al., 2004). On the 
contrary, deletion of the hipA gene decreases in persister formation in both stationary and biofilm 
populations (Korch and Hill, 2006). Our results suggest that ybjN over-expression strains may 
also induce a dormancy state similar to that of persister cells, which leads to growth slowdown; 
and at the same time, activate stress responsive genes for the survival at stress conditions such as 
high temperature conditions. This may explain why only small portion of cells of the ts9 strain 
over-expressing ybjN grows at 37°C (Fig. 7.1A).  
Several independent studies have revealed that autoaggregation has an inverse correlation 
with flagellar and fimbriae production (Hasman et al., 1999; Ulett et al., 2006). First of all, the 
expression of autoaggregation factor antigen 43 and genes involved in flagellation and 
fimbriation are mutually exclusive. Secondly, autoaggretation strains caused by overproduction 
of antigen 43 are deficient in bacterial appendage production. Our results support these 
statements that YbjN mediated autoaggregation down-regulated flagellar and fimbrial gene 
expression, hence reduced motility and fimbriation. However, antigen 43 is not up-regulated in 
ybjN over-expression strain, suggesting YbjN‘s effect on autoaggregation is independent of the 
antigen 43 pathway. Aggregation factors that mediate cell clumping provide protection against 
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phagocytosis and
 
host defense response. Indeed, the expression of ybjN is up-regulated about 3-
fold in Escherichia coli O157:H7 after human macrophage infection (Poirier et al., 2008). These 
results indicate that ybjN over-expression may eliminate bacterial surface structures to promote 
autoaggregation and elude host defense response during host colonization.  
Expression of exopolysaccharide biosynthetic genes in both E. coli and E. amylovora is 
directly controlled by the Rcs phosphorelay system (Wang et al., 2009, 2011; Majdalani and 
Gottesman, 2005). The heterodimer formed by the response regulator phospho-RcsB and the 
accessary protein RcsA binds to the promoter of the exopolysaccharide biosynthetic genes and 
activate gene expression (Majdalani and Gottesman, 2005). The ackA and ackA/rcsC mutants are 
mucoid due to the accumulation of acetyl phosphate, which results in the increased 
phosphorylation of RcsB (Fredericks et al., 2006). Mutation of rcsC also leads to overproduction 
of exopolysaccharide (Wang et al., 2009, 2011). Over-expression of ybjN in WT strain, ackA and 
ackA/rcsC mutants strongly suppresses the mucoid phenotypes. It is possible that YbjN interacts 
with RcsB to affect its phosphorylation or RcsA to decrease its DNA binding activities. YbjN 
may also directly bind to the promoter as a suppressor. However, the most likely scenario is that, 
ybjN over-expression caused extremely low metabolic activity in the cell, resulting in depletion 
of substrates for the bacteria to synthesize copious amount of colanic acid. It is worth to mention 
that E. amylovora ybjN mutant exhibits uncontrolled production of amylovoran (Zhao et al., 
2009). On the other hand, over-expression of Erwinia ybjN greatly suppresses amylovoran in 
various amylovoran-over-producing mutant strains such as rcsC, envZ, ompR, grrA, grrS and hns 
mutants (unpublished data). These results further confirmed the negative regulatory function of 
ybjN on exopolysaccharide production. Further studies are needed to determine how YbjN 
interferes with exopolysaccharide production. 
It has been well-documented that both cell appendages and colanic acid contribute to the 
normal biofilm formation in E. coli. Cell appendages such as pili and flagella are required for 
bacterial attachment to surfaces and initiation of biofilm formation (Pratt and Kolter, 1998). On 
the other hand, colanic acid production is required for the maturation of biofilms (Danese et al., 
2000). In our study, the ybjN mutant exhibited increased colanic acid biosynthesis and motility; 
whereas strain over-expressing ybjN was greatly reduced in both colanic acid production and 
motility. The impact of ybjN on motility and capsule formation was correlated with its regulation 
of biofilm formation in E. coli. Another impact of ybjN on biofilm formation may be due to its 
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role in mediating autoaggregation. Although biofilm formation on solid surface requires the 
aggregation of bacterial cells in a later stage, the aggregation conferred by ybjN over-expression 
appears to decrease biofilm formation. It is likely that ybjN over-expression strains are unable to 
attach to plate surface effectively. Our studies clearly indicate that ybjN may play an important 
role in regulating multi-cellular behaviors, which are essential for bacteria to transit to different 
life styles and survival. 
Enteric bacteria frequently encounter extreme acidic
 
pH conditions such as traveling
 
through the gastrointestinal tract in human. It has been reported that a cluster of genes in the E. 
coli genome is indispensable for the bacterial survival in acidic stress (Foster, 2004). These 
genes include gadA, gadX, gadW and gadE, as well as hdeABD, none of which are present in the 
closely related Salmonella or Erwinia genus. GadE, a LuxR family regulator, is controlled by 
two AraC-like regulators, GadX and GadW as well as the EvgAS two-component systems (Itou 
et al., 2009; Sayed et al., 2007). Over-expression of gadE confers acid resistance by activating 
glutamate decarboxylase encoded by gadA and gadB and a glutamate:γ-aminobutyric acid 
antiporter encoded by gadC (Ma et al., 2003). In addition to the glutamate-dependent acid 
resistance, hdeABD operon increases acid resistance by preventing formation of aggregation due 
to acid-denatured proteins in the periplasmic space (Kern et al., 2007). Our array data showed 
that all these genes are significantly down-regulated in the ybjN over-expression strain, and over-
expression of ybjN led to acid susceptibility, indicating that YbjN is a negative regulator of acid 
resistance in enteric bacteria.  
These data have clearly demonstrated that YbjN plays important roles in regulating 
bacterial multicellular behaviors, metabolism and survival under stress conditions in E. coli. Our 
future studies will focus on determining its biochemical function or mechanisms as how it 
regulates so many traits, especially over-expressing ybjN. Previous genome-wide pull-down 
screening does not identify any YbjN-interacting proteins in E. coli, suggesting that YbjN may 
not function in protein-protein interaction or the interaction may be weak if there is any 
(Arifuzzaman et al., 2006). In this study, using the histag fusion protein has revealed that YbjN 
is a cytoplasmic protein (unpublished data). Bioinformatic analysis has demonstrated that 
deduced YbjN is rich in aromatic amino acid residues (13 residues for E. coli and 12 residues for 
Erwinia). Aromatic amino acids have been hypothesized to play some role in generating new 
protein functions as well as to stabilize protein structures by creating long hydrophobic aromatic 
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side chains (Pedulla et al., 2003; Rocha and Danchin, 2002). If this is true, it is possible that 
interaction of YbjN with other proteins may be weak. It is also possible that YbjN may act as 
DNA-binding protein, as we have shown that it regulates gene expression. Determining the 
biochemical function and structure of YbjN will shed some light on  how and why YbjN conveys 
pleiotropic effects on bacterial multicellular behavior, metabolism and in the survival of E. coli 
under stress conditions.   
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TABLES 
Table 7.1 Bacterial strains, plasmids and primers used in this study 
Strains, plasmids 
or primers 
Relevant characters or sequences (5’—3’)a Reference or 
source 
E. coli  
       BW25113 
 
Wild type, ∆(araD-araB)567, 
∆lacZ4787(::rrnB-3), λ-, rph-1, ∆(rhaD-
rhaB)568, hsdR514 
  
Datsenko and 
Wanner, 2000 
       ΔybjN F-, Δ(araD-araB)567, ΔlacZ4787(::rrnB-3), λ-, 
ΔybjN754::kan, rph-1, Δ(rhaD-rhaB)568, 
hsdR514 
Baba et al., 2006 
AJW678 Wild type, hi-1 thr-1(Am) leuB6 metF159(Am) 
rpsL136ΔlacX74 
Kumari et al., 
2000 
AJW1939 AJW678 ackA::Km Kumari et al., 
2000 
AJW2528 AJW678 ackA::Km rcsC::Tet Fredericks et al., 
2006 
       ts9 leuB6 fhuA2 lacY1 tsx-1 glnV44(AS) gal-6 
LAM- hisG1(Fs) argG6 rpsL9 malT1(LamR) 
xylA7 mtlA2 metB1 coaA1 ilu-1 
Flaks et al., 1966 
       DH10B F
-
 mcrA ∆(mrr-hsdRMS-mcrBC) 
Φ80lacZ∆M15 ∆lacX74 recA1 endA1 
ara∆139 ∆(ara, leu)7697 galU galK λ - rpsL 
(Str
R
) nupG 
Invitrogen 
Erwinia amylovora 
      Ea1189 Wild type, isolated from apple Wang et al., 2010 
Plasmids 
     pGEM
 ®
 T-easy Ap
R
, PCR cloning vector Promega  
     pYBJN1 0.9-kb PCR fragment containing E. coli ybjN 
gene in pGEM T-easy vector  
This study 
     pYBJN2 1.1-kb PCR fragment containing Erwinia ybjN 
gene in pGEM T-easy vector 
This study 
Primers
b
 
 ybjN1 GGGGCTGGAAGGAATAGAAA 
 ybjN2 AACTTTAGCCAGGGTTTGAGA 
 ybjN3 CCGGAATTCGTTAGTGCATGAAAACTGTTACCG(EcoRI) 
 ybjN4 CGCGGATCCATAGCCCCAGTCATTCATGC(BamHI) 
16S1 TGTAGCGGTGAAATGCGTAG 
16S2 CCTCCAAGTCGACATCGTTT 
ybjNEc1 CTGCCCCATATGCAGAATTT 
ybjNEc2 TCAGCGAACTGGCATTGAT 
ybjNEa1 TAATGGACGGGGTTATCCTG 
142 
 
Table 7.1 Cont. 
ybjNEa2 ATCAGCTTGGGCAGATTGTC 
fliA1 ACAAGGAACGGCATTTACAA 
fliA2 CCAAGTTCCTGCTCCAGTTG 
flgD1 ACAGGCCAGTAACCTGATCG 
flgD2 
fimD1 
fimD2 
GTGATGGTGGCCGTAACTTT 
GTTGATGCAGGCTCTGTTGA 
AGGCAACAGCGGCTTTAGAT 
gadA1 CGGATAAACCAAACCTGGTG 
gadA2 TGTTTTCGTCACAGGCTTCA 
gadB1 CGGATAAACCAAACCTGGTG 
gadB2 TGTTTTCGTCACAGGCTTCA 
gadE1 GCCGCAAAGAAAGTATCAAAA 
gadE2 AGCGTCGACGTGATATTGCT 
mqsR1 ACGCACACCACATACACGTT 
mqsR2 CCTGTAACAAGCCTGGGTCT 
ygiT1 ATGCTTTCATGGCGCAAGTA 
ygiT2 GCGAAAACGCATTTACACCT 
relB1 GCGCTTCGTCTCATGCTC 
relB2 AGAGTTCATCCAGCGTCACA 
relE1 GCAAACAAGCTCCGTGGTAT 
relE2 CCGCCTCGCTATATACTTCC 
a 
Km
R
, Ap
R
 and StrR = kanamycin, ampicillin and streptomycin resistance, respectively. 
b
Underlined nucleotides are restriction sites added and the restriction enzymes are indicated at 
the end of primers. 
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Table 7.2 YbjN homologues in Enterobacteriaceae that are pathogens or commensals 
Enterobacteriaceae 
 
Host Accession number Identity to YbjN 
Escherichia coli str. 
O157:H7 
Mammals GI:13360392 158/158 (100%) 
Shigella dysenteriae 
2002017 
Mammals GI:281600176 157/158 (99%) 
Salmonella enterica serovar 
Typhimurium str. LT2 
Mammals GI:16419384 134/158 (84%) 
Yersinia pestis KIM 10 Fleas and Mammals GI:21959749 108/157 (68%) 
Erwinia pyrifoliae Ep1/96 
 
Pears GI:259908955 108/159 (67%) 
 
Erwinia amylovora ATCC 
49946 
 
Rosacous plants GI:292899017 106/159 (66%) 
 
Pectobacterium 
atrosepticum SCRI1043 
 
Potato GI:50121602 104/146 (71%) 
 
Dickeya dadantii 3937 
 
   Pea Aphid 
 
GI:307130756 96/146 (65%) 
 
Photorhabdus luminescens 
subsp. laumondii TTO1 
 
Insect larvae GI:37525530 95/140 (67%) 
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Table 7.3 Flagellar, fimbrial and acid resistance genes that are inversely regulated by YbjN 
(p-value < 0.05) 
Gene Name Gene Function ∆ybjN/WT ybjN_Over-
expression/WT 
ybjN Putative sensory transduction regulator 0.02 18 
Flagellar genes    
flgB flagellar component of cell-proximal 
portion of basal-body rod 
16.57 0.25 
flgD flagellar hook assembly protein 15.27 0.28 
flgE flagellar hook protein 12.62 0.31 
fliA RNA polymerase, sigma 28 (sigma F) 
factor 
16.22 0.28 
fliG flagellar motor switching and energizing 
component 
7.06 0.52 
fliJ flagellar protein 5.59 0.51 
fliL flagellar biosynthesis protein 7.39 0.29 
fliM flagellar motor switching and energizing 
component 
7.48 0.33 
Fimbrial genes    
fimA major type 1 subunit fimbrin (pilin 1.62 0.28 
fimC chaperone, periplasmic 2.31 0.41 
fimD outer membrane usher protein, type 1 
fimbrial synthesis 
3.06 0.55 
fimF FimF protein precursor 2.50 0.56 
fimG minor component of type 1 fimbriae 2.27 0.48 
Acid resistance 
genes 
   
gadA glutamate decarboxylase A, PLP-
dependent 
2.55 0.05 
gadB glutamate decarboxylase B, PLP-
dependent 
2.93 0.08 
gadC predicted glutamate:gamma-aminobutyric 
acid antiporter 
2.63 0.19 
hdeD acid-resistance membrane protein 2.68 0.10 
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Table 7.4 Stress responsive genes induced by YbjN over-expression (p-value < 0.05) 
Gene Name Gene Function ybjN_Over-
expression/WT 
Cold shock genes 
cspA major cold shock protein 3.00 
cspB Qin prophage; cold shock protein 8.83 
cspG DNA-binding transcriptional regulator 12.44 
SOS stress response genes 
sulA SOS cell division inhibitor 6.96 
umuD SOS mutagenesis; error-prone repair; processed to 
UmuD; forms complex with UmuC  
2.79 
recA DNA strand exchange and renaturation, DNA-dependent 
ATPase, DNA- and ATP-dependent coprotease  
2.24 
recN protein used in recombination and DNA repair  4.46 
recX regulator, OraA protein 3.06 
uvrB DNA repair; excision nuclease subunit B  2.08 
Toxin-antitoxin 
mqsR predicted cyanide hydratase 12.57 
ygiT predicted DNA-binding transcriptional regulator 9.77 
relB Qin prophage; bifunctional antitoxin of the RelE-RelB 
toxin-antitoxin system/ transcriptional repressor 
3.47 
relE Qin prophage; toxin of the RelE-RelB toxin-antitoxin 
system 
5.00 
chpS antitoxin of the ChpB-ChpS toxin-antitoxin system 3.18 
chpB toxin of the ChpB-ChpS toxin-antitoxin system 1.63 
Transporter genes 
betA choline dehydrogenase, a flavoprotein  2.47 
betB NAD+-dependent betaine aldehyde dehydrogenase  2.53 
betI probably transcriptional repressor of bet genes  4.06 
betT high-affinity choline transport  3.88 
pstA high-affinity phosphate-specific transport system  3.50 
pstB ATP-binding component of high-affinity phosphate-
specific transport system  
2.73 
pstC high-affinity phosphate-specific transport system, 
cytoplasmic membrane component  
2.93 
pstS high-affinity phosphate-specific transport system; 
periplasmic phosphate-binding protein  
4.57 
ssuA alkanesulfonate transporter subunit 8.70 
ssuC alkanesulfonate transporter subunit 4.20 
ssuE NAD(P)H-dependent FMN reductase 5.47 
tauA taurine transport system periplasmic protein  6.22 
tauB taurine ATP-binding component of a transport system  3.29 
tauC taurine transport system permease protein  4.45 
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Table 7.5 Carbohydrate catabolism genes that are down-regulated in YbjN over-expression 
strain (p-value < 0.05) 
 Gene Name Gene Function ybjN_Over-
expression/WT 
Glyoxylate shut 
aceA isocitrate lyase  0.43 
aceB malate synthase A  0.35 
aceK isocitrate dehydrogenase kinase/phosphatase  0.38 
Glycolysis 
pgi glucosephosphate isomerase 0.50 
gapA glyceraldehyde-3-phosphate dehydrogenase A 0.30 
pgk phosphoglycerate kinase 0.61 
gpmA phosphoglyceromutase 1 0.65 
gpmM phosphoglycero mutase III, cofactor-independent 0.35 
eno enolase 0.38 
TCA cycle 
sucA 2-oxoglutarate dehydrogenase  0.62 
sdhD succinate dehydrogenase, hydrophobic subunit  0.47 
sdhC succinate dehydrogenase, cytochrome b556  0.65 
sdhA succinate dehydrogenase, flavoprotein subunit  0.51 
frdB fumarate reductase, anaerobic, iron-sulfur protein subunit  0.57 
fumC Fumarate hydratase class II  0.35 
Oxidative phosphorylation 
cyoE protoheme IX farnesyltransferase  0.34 
cyoD cytochrome o ubiquinol oxidase subunit IV 0.33 
cyoC cytochrome o ubiquinol oxidase subunit III  0.35 
cyoB cytochrome o ubiquinol oxidase subunit I  0.39 
cyoA cytochrome o ubiquinol oxidase subunit II  0.43 
cydA cytochrome d terminal oxidase, polypeptide subunit I  0.26 
cydB cytochrome d terminal oxidase polypeptide subunit II  0.29 
atpA membrane-bound ATP synthase, F1 sector, alpha-subunit  0.61 
atpB membrane-bound ATP synthase, F0 sector, subunit a  0.66 
atpC membrane-bound ATP synthase, F1 sector, epsilon-
subunit  
0.51 
atpD membrane-bound ATP synthase, F1 sector, beta-subunit  0.48 
atpF membrane-bound ATP synthase, F0 sector, subunit b  0.47 
ccmD heme exporter protein C  0.48 
ccmF cytochrome c-type biogenesis protein  0.25 
ccmG disulfide oxidoreductase  0.41 
ccmH possible subunit of heme lyase  0.45 
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Table 7.6 Amino acid and nucleotide biosynthetic genes that are down-regulated in the 
YbjN over-expression strain (p-value < 0.05) 
Gene 
Name 
Gene Function ybjN_Over-
expression/WT 
Biotin biosynthesis 
bioA 7,8-diaminopelargonic acid synthase, PLP-dependent 0.22 
bioB biotin synthase 0.13 
bioC predicted methltransferase, enzyme of biotin synthesis 0.17 
bioD dethiobiotin synthetase 0.20 
bioF 8-amino-7-oxononanoate synthase 0.08 
Alanine, aspartate and glutamate metabolism 
glnA glutamine synthetase 0.27 
ybaS predicted glutaminase 0.22 
nadB quinolinate synthase, L-aspartate oxidase (B protein) subunit 0.63 
gdhA glutamate dehydrogenase, NADP-specific 0.14 
gltD glutamate synthase, 4Fe-4S protein, small subunit 0.33 
gltF periplasmic protein 0.32 
Histidine biosynthesis 
hisC histidinol-phosphate aminotransferase 0.44 
hisD bifunctional histidinal dehydrogenase/ histidinol 
dehydrogenase 
0.46 
hisG ATP phosphoribosyltransferase 0.44 
hisI fused phosphoribosyl-AMP cyclohydrolase/phosphoribosyl-
ATP pyrophosphatase 
0.42 
Valine and isoleusine biosynthesis 
ilvB acetolactate synthase I, large subunit 0.07 
ilvC ketol-acid reductoisomerase, NAD(P)-binding 0.06 
ilvH acetolactate synthase III, thiamin-dependent, small subunit 0.21 
ilvI acetolactate synthase III, large subunit 0.24 
ilvN acetolactate synthase I, small subunit 0.06 
Methionine biosynthesis 
metA homoserine O-transsuccinylase 0.22 
metC cystathionine beta-lyase, PLP-dependent 0.37 
metE 5-methyltetrahydropteroyltriglutamate-homocysteine S-
methyltransferase 
0.23 
metH homocysteine-N5-methyltetrahydrofolate transmethylase, 
B12-dependent 
0.28 
metK methionine adenosyltransferase 1 0.50 
metQ DL-methionine transporter subunit 0.61 
Tryptophen biosynthesis 
trpA tryptophan synthase, alpha subunit 0.46 
trpB tryptophan synthase, beta subunit 0.51 
trpC fused indole-3-glycerolphosphate synthetase/N-(5-
phosphoribosyl)anthranilate isomerase 
0.43 
trpE component I of anthranilate synthase 0.06 
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Table 7.6 Cont. 
Nuleotide biosynthesis 
guaA GMP synthetase (glutamine aminotransferase) 0.34 
guaB IMP dehydrogenase 0.28 
pntA pyridine nucleotide transhydrogenase, alpha subunit 0.17 
pntB pyridine nucleotide transhydrogenase, beta subunit 0.20 
Purine biosynthesis 
purB adenylosuccinate lyase 0.40 
purC phosphoribosylaminoimidazole-succinocarboxamide 
synthetase 
0.33 
purD phosphoribosylglycinamide synthetase phosphoribosylamine-
glycine ligase 
0.17 
purE N5-carboxyaminoimidazole ribonucleotide mutase 0.27 
purF amidophosphoribosyltransferase 0.16 
purH fused IMP 
cyclohydrolase/phosphoribosylaminoimidazolecarboxamide 
formyltransferase 
0.17 
purK N5-carboxyaminoimidazole ribonucleotide synthase 0.27 
purL phosphoribosylformyl-glycineamide synthetase 0.27 
purM phosphoribosylaminoimidazole synthetase 0.17 
purN phosphoribosylglycinamide formyltransferase 1 0.20 
purT phosphoribosylglycinamide formyltransferase 2 0.12 
Pyrimidine biosynthesis  
pyrB aspartate carbamoyltransferase, catalytic subunit 0.01 
pyrC dihydro-orotase 0.12 
pyrD dihydro-orotate oxidase, FMN-linked 0.12 
pyrE orotate phosphoribosyltransferase 0.31 
pyrF orotidine-5'-phosphate decarboxylase 0.42 
Transporter 
livF leucine/isoleucine/valine transporter subunit 0.05 
livG leucine/isoleucine/valine transporter subunit 0.04 
livH leucine/isoleucine/valine transporter subunit 0.04 
livJ leucine/isoleucine/valine transporter subunit 0.05 
livK leucine transporter subunit 0.05 
livM leucine/isoleucine/valine transporter subunit 0.04 
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FIGURES 
Figure 7.1 Expression level of ybjN is directly related to its ability to rescue the temperature 
sensitivity of Escherichia coli ts9 mutant 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                     
 
 
 
A. Over-expression of ybjN from both E. coli and Erwinia amylovora rescued the temperature 
sensitivity of ts9 mutant of E. coli. WT: wild type K-12 strain; pYbjN1 and pYbjN2: E. coli ybjN 
gene and E. amylovora ybjN gene in pGEM T easy vector, respectively; Empty vector (pGEM T 
easy) as negative control. Columns represented serial 10x dilution from left to right for both 
temperatures. B. Relative expression of ybjN gene in ts9 mutant and ts9 mutant strain harboring 
high copy plasmids of ybjN gene from both E. coli and E. amylovora compared to the WT strain 
by qRT-PCR. Cells were grown in LB broth with shaking overnight at 28°C and 6 hours at 37°C.  
ts9: E. coli ts9 mutant; pYbjN1: ts9 over-expressing E. coli ybjN gene; pYbjN2: ts9 
overexpressing Erwinia amylovora ybjN gene. 
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Figure 7.2 Gene context and protein conservation of ybjN in E. coli, E. amylovora and other 
related enteric bacteria 
 
 
Ea: Erwinia amylovora, Et: Erwinia tasmaniensis, Pc: Pectobacterium carotovorum, Dd: 
Dickeya dadantii, Ec: Escherichia coli, Se: Salmonella enterica, Yp: Yersinia pestis.  Indicate 
the accession number in GenBank and bacterial strains. 
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Figure 7.3 Amino acid sequence alignments of YbjN homologs from seven enterobacterial 
strains 
 
 
 
Deduced amino acid sequences have been obtained from NCBI and aligned by ClustalW 
program (www.ebi.ac.uk/Tools/clustalw2). Identical residues (*), conserved (:) and semi-
conserved (.) substitutions are shown as underneath symbols.  Gaps introduced for alignment are 
indicated by dashes (-). Ea: Erwinia amylovora, Et: Erwinia tasmaniensis, Pc: Pectobacterium 
carotovorum, Dd: Dickeya dadantii, Ec: Escherichia coli, Se: Salmonella enterica, Yp: Yersinia 
pestis.   
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Figure 7.4 Over-expression of ybjN leads to growth inhibition and up-regulation of toxin-
antitoxin modules 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Growth curve of ybjN mutant and wild type strain over-expressing ybjN in M9 medium and 
LB broth. . ♦: E. coli K12, ■: ΔybjN mutant, ▲: E. coli K12 (pYbjN1), ●: E. coli K12 (pYbjN2). 
pYbjN1 and pYbjN2: E. coli ybjN and E. amylovora ybjN gene in pGEM T easy vector, 
respectively; original inoculum at anOD600 of 0.001. B. Relative expression of mqsR, ygiT, relE 
and relB genes in WT strain harboring high copy plasmid of E. coli ybjN gene compared to the 
WT strain by qRT-PCR. Cells were grown in M9 medium for 8 h with shaking to an OD600 of 
0.5-0.8. 
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Figure 7.5 YbjN negatively regulates fimbriae formation and over-expression of ybjN 
results in autoaggregation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Demonstration of quick autoaggregative phenotype conferred by ybjN overexpression. Cells 
were grown overnight with shaking at 37°C and allowed to settle for 6 h. K12: E. coli K12 wild 
type; K12(pYbjN1): E. coli K12 containing E. coli ybjN gene in pGEM T easy vector; B. Settling 
profile for WT, ybjN mutant and WT over-expressing ybjN.  Cells were grown in LB broth 
overnight at 37°C with shaking. At the beginning of the experiment, all overnight cultures were 
mixed vigorously by vortexing for 10 s and OD600 for each tube was measured. Tubes were then 
left at room temperature without interference and OD600 for each tube was measured at the time 
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points indicated on the dash line. C. Observation of fimbriae formation for wild-type, ybjN 
mutant and WT over-expressing ybjN by electronic microscopy. Bacteria were grown with 
250 rpm shaking at 34°C in M9 medium to OD600 = 0.5~0.8. Cells were negatively stained with 
1% phosphotungstic acid (pH 7.0) and micrographs were taken at an accelerating voltage of 
80 kV. Pictures were selected from a representative of cells. D. Relative expression of fimD gene 
in ybjN mutant and WT over-expressing ybjN compared to WT strain at OD600 =0.5~0.8 in M9 
medium by qRT-PCR. Bacteria were grown with 250 rpm shaking at 34°C in M9 medium to 
OD600 = 0.5~0.8.  
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Figure 7.6 YbjN suppresses bacterial motility and over-expression of ybjN negatively 
regulates flagellar gene expression 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Migration phenotypes of WT K12, ybjN mutant and E. coli K12 over-expressing ybjN at12 h 
after incubation. B. Comparison of the movementdistance of WT, ybjN and E. coli K12 over-
expressing ybjN. Cells were inoculated on the surface of a motility plate containing 0.25% agar 
as described previously (Fredericks et al., 2006). Plates were incubated at 30°C for 24 h, during 
which the displacement (diameter) of the outermost edge of the movement was measured. C. 
Relative expression of fliA and flgD gene expression in ybjN mutant and WT over-expressing 
ybjN compared to WT strain. Bacterial strains were grown overnight in LB broth and re-
inoculated in 5 mL M9 media. Relative expression of fliA and flgD genes was determined by 
qRT-PCR after 8 h growth (OD600 at 0.5-0.8) in M9 medium.
K12  
pYBJN1 
K12 
K12 pYBJN1 
ΔybjN 
0 
1 
2 
3 
4 
0 4 8 12 16 20 24 
Hrs 
D
ia
m
et
er
 
(c
m
) 
K12 
ΔybjN 
A 
B 
C 
-1.5 
-1.0 
-0.5 
0 
0.5 
1.0 
1.5 
flgD fliA 
K12+pYBJN1 
ΔybjN 
L
o
g
 (
R
el
a
ti
v
e 
q
u
a
n
ti
fi
ca
ti
o
n
) 
156 
 
                                  Figure 7.7 Impact of ybjN on capsule biosynthesis 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. ybjN negatively regulates colanic acid biosynthesis. Growth of WT K12, ybjN mutant and E. 
coli K12 over-expressing ybjN on LB plates supplemented with 700 mM NaCl at 37°C, showing 
mucoid phenotype of ybjN mutant. B. Over-expression of ybjN from both E. coli and E. 
amylovora suppresses mucoid phenotypes of E. coli acka and acka/rcsC mutants. Bacteria were 
grown in LB for 24 h at 28°C with shaking. 10 µl bacterial cells were streaked on LB plates 
supplemented with 700 mM NaCl and incubated at 28°C as described previously (Fredericks et 
al., 2006). Pictures were taken at 24h. 
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Figure 7.8 YbjN is a negative regulator of biofilm formation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. All strains were grown overnight in LB broth at 30°C, diluted (1:150) in LB and incubated at 
30°C, without shaking, in PVC plates. After 48 h, the extent of biofilm formation was assessed 
by staining the wells with 1% crystal violet (CV). B. Quantification of CV staining. The amount 
of CV staining (and therefore biofilm formation) was quantified at OD540. 
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Figure 7.9 Over-expression of ybjN confers acid susceptibility 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A. Effect of ybjN on acid susceptibility. Cells were grown for 18 h in M9 medium and 10-fold 
serial dilutions of bacterial suspensions were incubated in EG medium at pH 2.5 as described 
previously (Vogel and Bonner, 1956). Surviving bacterial cells was counted at time 0, 1, 2, 3 and 
4 h by dilution plating on LB plates.▲: E. coli K12, pH 7.0; _: ybjN, pH 7.0; -: E. coli K12 
(pYbjN1), pH 7.0; ■: E. coli K12, pH 2.5, ♦: ybjN, pH2.5, ●: E. coli K12 (pYbjN1), pH 2.5. B. 
Relative expression of acid resistance genes in ybjN over-expression strain. Bacterial strains 
were grown overnight in LB broth and re-inoculated in 5 mL M9 media. Cells were grown in M9 
medium for 8 h with shaking to an OD600 of 0.5-0.8. Relative expression of gadA, gadB and 
gadE genes in ybjN over-expression strain compared to WT strain was determined by qRT- PCR. 
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Figure 7.10 Expression of ybjN gene in WT strain 
 
 
 
 
 
 
 
 
 
 
 
 
A and B. Relative expression level of ybjN in LB broth (A) and M9 medium (B). Dark bar: log 
phase, Light bar: stationary phase. The expression of ybjN was measured by qRT-PCR, 
normalized to the expression value of 16 S rDNA (rrsA) gene and then compared to ybjN 
expression level at stationary phase at 37°C in M9 medium. Bacterial cells were collected in LB 
or M9 medium at an OD600 at 0.8~1.0 for log phase and 1.8~2.1 for stationary phase. C. Relative 
expression level of ybjN at high temperature. Bacterial cells were grown to log phase in M9 at 
37°C and then incubated with shaking at 37°C or 42°C for 6 h. The relative expression of ybjN at 
42°C was measured by qRT-PCR, normalized to the expression value of rssA gene and then 
compared to the ybjN expression level at 37°C. D. Relative expression level of ybjN at acidic pH. 
Cells were grown for 18 h in M9 medium and 10-fold serial dilutions of bacterial suspensions 
were incubated in EG medium pH 4.0 or pH 7.0 for 4 h. The relative expression of ybjN at pH 
4.0 was measured by qRT-PCR, normalized to the expression value of rssA gene and then 
compared to the ybjN expression level at pH 7.0. 
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Figure 7.11 Classification of genes of the YbjN regulon 
 
 
Gray bars represent genes differentially regulated in the ybjN mutant, and the black bars 
represent genes differentially regulated in the WT strain over-expressing ybjN. A: amino acid 
biosynthesis, B: Biosynthesis of cofactors, prosthetic groups and carriers, C: cell envelop, D: 
cellular processes, E: central intermediary metabolism, F: DNA metabolism, G: energy 
metabolism, H: fatty acid and phospholipid metabolism, I: hypothetical proteins, J: mobile and 
extrachromosomal element functions, K: protein fate, L: protein synthesis, M: purine, 
pyrimidines, nucleosides and nucleotides, N: regulatory functions, O: signal transduction, P: 
transcription, Q: transport and binding proteins, R: unclassified, S: unknown function.  
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CONCLUSIONS AND FUTURE DIRECTIONS 
The studies presented herein are efforts toward understanding the molecular mechanisms 
of E. amylovora pathogenesis. Followings are the major conclusions of this dissertation: 
 1: E. amylovora strains exhibit differential levels of bacterial virulence on leaves of 
tolerate apple cultivars. The different levels of virulence are positively correlated with their 
abilities to produce two major virulence factors, amylovoran and T3SS. 
 2: The Rcs phosphorelay system plays an essential role for bacterial virulence in E. 
amylovora. RcsB and RcsD are positive regulators of amylovoran production; whereas, RcsC 
acts as a negative regulator in vitro. 
 3: RcsC homologs from E. coli, Y. pestis, S. enterica and P. stewartii are not capable of 
complementing amylovoran production in Erwinia rcsC mutant. Virulence of Erwinia rcsC 
mutant is complemented by RcsC homologs from Y. pestis, S. enterica and P. stewartii, but not 
RcsC from E. coli. The sensor domain of RcsC plays an important role in controlling bacterial 
virulence and the histidine kinase and receiver domains are involved in the regulation of 
amylovoran production.  
 4: Over 600 genes that are controlled by the Rcs phosphorelay system are identified in E. 
amylovora. RcsB positively regulates the expression of ams genes in vivo and in vitro. RcsC acts 
as a positive regulator of the expression of ams in vivo, but as a negative regulator in vitro. 
 5: AmyR is a negative regulator of virulence and amylovoran production in E. 
amylovora. The impact of AmyR on amylovoran production is mediated by RcsA.  
6: Temperature sensitivity of E. coli ts9 mutant is related to expression levels of ybjN. 
Expression of ybjN was high at logarithmic phase and 37°C temperature compared with those at 
stationary phase and 42°C temperature. YbjN regulates pleiotropic phenotypes, including 
motility, fimbriation, exopolysaccharide production, and biofilm formation. Over-expression of 
ybjN down-regulates genes involved in citric acid cycle, glycolysis, the glyoxylate shunt, 
oxidative phosphorylation, amino acid and nucleotide metabolism. Whereas, over-expression of 
ybjN up-regulates toxin-antitoxin modules, SOS responsive pathway, cold shock proteins and 
starvation induced transporter genes. 
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These discoveries provide molecular insights on the differential virulence of E. 
amylovora.These findings also point to the critical functions of the Rcs phosphorelay system and 
the amyR gene in E. amylovora. Followings are questions remain to be answered: 
1: What are the functions of the genes controlled by the Rcs phosphorelay? How do these 
functions affect the virulence or fitness of E. amylovora? 
2: What is actually sensed by RcsC, and how are signals transduced to RcsC to switch it 
from a phosphatase to a kinase? 
3: How are the rcs genes themselves regulated in E. amylovora? Is it autoregulated by 
RcsB or other systems? Whether changes in stoichiometry of Rcs proteins are involved in 
controlling the direction of phospho-flow?  
4: Whether lysine acetylation of RcsB plays a role in bacterial virulence? What is the 
exact state of RcsB pool (RcsB phosphorylation, acetylation or without any modification) under 
different conditions? Are those modifications controlled by RcsC, or RcsD or other systems?  
5: What are the biochemical functions of AmyR and YbjN in E. amylovora and E. coli? 
How does AmyR interfere with the Rcs phosphorelay system to control amylovoran production? 
6: Does flagellin play a role in causing the hypersensitive response on tobacco in E. 
amylovora? 
7: Does mRNA have a higher turnover rate in Ea273 than that in Ea1189?  
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APPENDIX 
 
ENVIRONMENTAL REGULATION OF AMYLOVORAN BIOSYNTHESIS IN 
ERWINIA AMYLOVORA 
 
Abstract 
The requirement of the exopolysaccharide amylovoran for Erwinia amylovora 
pathogenesis is well documented. However, regulation of amylovoran biosynthesis has not been 
comprehensively studied. We have previously reported that amylovoran production is strain-
dependent in E. amylovora isolates. In this study, we have systematically characterized various 
environmental conditions such as pH, temperature, and carbon sources in regulating amylovoran 
production in vitro. Our results indicate that E. amylovora strains produce more amylovoran at 
high temperature (32 °C) or neutral pH (7.0) than at low temperature (22 or 28 °C) or acidic pH 
(5.5). These results indicate that environmental factors play important roles in the regulation of 
amylovoran production.  
 
A.1 Introduction 
Fire blight, caused by the gram-negative bacterium Erwinia amylovora, is a destructive 
bacterial disease of apples and pears as well as other rosaceous plants (Vanneste, 2000). Previous 
studies have well documented that the exopolysaccharide (EPS) amylovoran and type III 
secretion system (T3SS) are two major but separate pathogenicity factors necessary for E. 
amylovora to cause disease (Zhao et al., 2009a). The EPS amylovoran is an acidic heteropolymer 
composed of pentasaccharide repeating units (Nimtz et al., 1996) and may function in plugging 
plant vascular tissues, suppressing plant basal defenses, and biofilm formation in planta (Wang 
et al., 2009, 2010). In E. amylovora, amylovoran biosynthetic genes are encoded by the ams 
operon and amsG is the first gene of the operon. Expression of the ams operon is regulated by 
the Rcs phosphorelay system in E. amylovora, which is also essential for virulence (Wang et al., 
2009). We have also reported that amylovoran production is strain-dependent in E. amylovora 
isolates (Wang et al., 2010). 
Genome wide screening of two-component system mutants in our laboratory has 
identified four groups of mutants which exhibited varying levels of amylovoran production in 
vitro. Group I mutants (rcsB, rcsD, and rcsBD) could not produce any amylovoran; group II 
176 
 
mutants (grrA, grrS, envZ, ompR and envZ/ompR double mutant) showed a dramatic increase in 
amylovoran production, about 20-fold, compared to that of the WT; group III mutants were 
increased in production of amylovoran, from 2- to 8-fold, compared to that of the WT, and 
include hrpX, hrpY, hrpXY, hrpXYS, rcsC, luxPQ, and eamIR; whereas group IV mutants did not 
show much difference in amylovoran production as compared to that of WT, and include pmrAB, 
phoPQ, narPQ, and yfhAK (Zhao et al., 2009b). These results indicated that two component 
regulatory systems may form a network to govern the production of amylovoran.  
In this study, our goal was to characterize how various environmental conditions such as 
pH, temperature, and carbon sources affect amylovoran production in vitro. 
 
A.2 Materials and methods 
A.2.1 Bacterial strains and plasmids  
The bacterial strains and mutants utilized in this study are listed in Table A.1. E. 
amylovora wild type (WT) strains were grown in Luria Bertani (LB) medium at 28°C.
  
 
A.2.2 CPC assay for determining amylovoran concentration 
The amylovoran concentration in supernatants of bacterial cultures was quantitatively 
determined by a turbidity assay with cetylpyrimidinium chloride (CPC), as previously described 
(Bellemann et al., 1994; Wang et al., 2009, 2010; Zhao et al., 2009b).  Briefly, a total of 100 µl 
of bacterial suspension was inoculated into 10 ml MBMA medium at pH 7.0 with 1% sorbitol. 
Bacterial cells were pelleted two days after inoculation at 28°C with shaking.  Following 
centrifugation, 50 µl CPC at 50 mg ml
-1
 was added to one ml of supernatant. After 10 min of 
incubation at room temperature, the amylovoran concentration was determined by measuring 
OD600 turbidity.  The final concentration of amylovoran production was normalized for a cell 
density of 1.0.  Other environmental conditions tested included different temperature (20, 28 and 
32°C), different pH (5.5 and 7.0) and various carbon sources at 55 mM, which replaced sorbitol 
in MBMA medium.  
A.2.3 GFP reporter gene assay by flow cytometry 
The BD FACSCanto flow cytometer (BD Bioscience, San Jose CA) was used to monitor 
the GFP intensity of WT and mutant strains containing the amsG promoter-GFP construct as 
described previously (Wang et al., 2009, 2010).   
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A.3 Results  
A.3.1 Environmental regulation of amylovoran biosynthesis 
 Previously, we have reported that amylovoran production is strain-dependent in E. 
amylovora isolates (Wang et al., 2010). In order to test how different environmental conditions 
affect amylovoran production in various bacterial strains, amylovoran production was monitored 
in E. amylovora strain Ea1189, CFBP1430, Ea110 and Ea273, after growth either in different 
sugar substrates, or at different pH and temperature. Our results showed that sorbitol had the 
strongest effect on amylovoran production among all the sugars tested, including glucose, 
galactose, fructose and sucrose, in all four bacterial strains, with the exception of galactose for 
strain Ea273 (Fig. A.1A). Amylovoran production in strain Ea273 growing in galactose had a 
1.3-fold increase compared to that of sorbitol. These results indicate that, as expected, sorbitol, 
the dominant transported sugar in the rosaceous plant family, induces amylovoran production in 
E. amylovora. These results also suggest that variation in sugar metabolism exists in E. 
amylovora strains. 
When E. amylovora strains were grown under different pH conditions, bacterial strains 
each produced about 2-fold higher amylovoran at pH 7.0 than at acidic pH 5.5, suggesting that 
acidic pH suppresses amylovoran production in vitro (Fig. A.2A).  
Temperature also plays a vital role in the development of fire blight symptoms. Thus, it is 
logical to determine whether temperature affects amylovoran biosynthesis. As shown in Fig. 
A.3A, when bacterial strains were grown at different temperatures, amylovoran production was 
increased for one to four and one to three folds higher by comparing  28°C to that of 22°C and 
32°C to those of 28°C, respectively, for different wild-type strains, suggesting temperature 
promotes amylovoran production.  
A.3.2 Flow cytometry to determine amsG expression  
To ensure amylovoran production is correlated with that of amylovoran-biosynthetic gene 
expression, we also assessed the expression of amsG gene under various conditions described 
above, by measuring GFP absorbance using flow cytometry (Wang et al., 2009, 2010). As 
expected, ams gene expression was well correlated with amylovoran production in all cases (Fig. 
A.1B, A.2B, A.3B). 
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A.3.3 RcsC is involved in thermo-regulation of amylovoran production 
RcsC hybrid kinase is a negative regulator of amylovoran production in vitro. We tested 
whether temperature is one of the environmental signals sensed by RcsC. As shown in Fig. A.4 
and described above, increased temperature resulted in increased production of amylovoran in E. 
amylovora strain Ea1189. However, no significant change in amylovoran production was 
detected in rcsC mutant at different temperatures. These results indicate that thermo-regulation 
of amylovoran biosynthesis may be mediated by RcsC sensor kinase, suggesting that temperature 
might be one of the signals sensed by RcsC. 
 
A.4 Discussion 
 In this study, we have shown that sorbitol and neutral pH induce amylovoran production. 
However, how these signals are sensed by the bacterial cells is unclear. It is possible that these 
signals are sensed by TCST sensor kinases such as GrrS and EnvZ. Another possibility is that 
signals such as monosugars are absorbed by bacterial cells and interact with intercellular proteins 
to affect amylovoran production. 
Temperature has been shown to play a key role in fire blight development. Current 
models for the prediction of fire blight disease are all based on temperature. Our results clearly 
show that increase of temperature results in elevated level of amylovoran production suggesting 
that E. amylovora may have enhanced virulence under relative high temperature. However, the 
T3SS gene expression under different temperatures is unexplored in E. amylovora. Further study 
of the coordination of the two canonical virulence gene expression will provide a better 
understanding of the mechanism of E. amylovora virulence. 
One question remains to be answered is how temperature is sensed by E. amylovora. It 
has been shown that temperature affects the production of coronatine in Pseudomonas syringae. 
Moreover, an equivalent phosphorelay system composed of CorS, CorP, and CorR is responsible 
for thermo-regulation of coronatine biosynthesis (Ullrich et al., 1995). It has been proposed that 
temperature promotes coronatine production by affecting the number of transmembrane domains 
and hence the kinase activity of CorS. Further biochemical studies on temperature‘s effect on 
RcsC will be valuable to understand how RcsC contributes amylovoran production at different 
temperatures. 
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TABLES 
 
Table A.1 Bacterial strains and mutants used in this study 
Strains or 
mutants 
Relevant characters  Reference  
E. amylovora  
    Ea1189 
 
Wild type, isolated from apple 
  
Wang et al., 2010 
     Ea273 Wild type, isolated from apple, New York, 
USA 
Wang et al., 2010 
     Ea110 Wild type, isolated from apple, Michigan, 
USA 
Wang et al., 2010 
     CFBP1430 Wild type, isolated from Crataegus, 
France 
Wang et al., 2010 
   Z3207ΔrcsC KmR-insertional mutant of rcsC of Ea1189 Wang et al., 2009 
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FIGURES 
 
Figure A.1 Effect of different sugars on amylovoran production and ams gene expression 
for four wild type E. amylovora strains 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                             
                       
                      
The amylovoran production was quantitatively determined by a turbidity assay with 
cetylpyrimidinium chloride (CPC), as previously described (Bellemann et al., 1994; Wang et al., 
2009, 2010, 2011).  The BD FACSCanto flow cytometer (BD Bioscience, San Jose CA) was 
used to monitor the GFP intensity of WT and mutant strains containing the amsG promoter-GFP 
construct as described previously (Wang et al., 2009, 2010).   
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Figure A.2 Effect of different pH on amylovoran production and ams gene expression for 
four wild type E. amylovora strains 
 
  
 
 
 
The amylovoran production was quantitatively determined by a turbidity assay with 
cetylpyrimidinium chloride (CPC), as previously described (Bellemann et al., 1994; Wang et al., 
2009, 2010, 2011). The BD FACSCanto flow cytometer (BD Bioscience, San Jose CA) was used 
to monitor the GFP intensity of WT and mutant strains containing the amsG promoter-GFP 
construct as described previously (Wang et al., 2009, 2010).   
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Figure A.3 Effect of different temperature on amylovoran production and ams gene 
expression for four wild type E. amylovora strains 
 
 
 
 
 
The amylovoran production was quantitatively determined by a turbidity assay with 
cetylpyrimidinium chloride (CPC), as previously described (Bellemann et al., 1994; Wang et al., 
2009, 2010, 2011). The BD FACSCanto flow cytometer (BD Bioscience, San Jose CA) was used 
to monitor the GFP intensity of WT and mutant strains containing the amsG promoter-GFP 
construct as described previously (Wang et al., 2009, 2010).   
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Figure A.4 Regulation of amylovoran production in the rcsC mutant is independent of 
temperature 
 
 
 
 
 
 
 
 
 
 
 
The amylovoran production was quantitatively determined by a turbidity assay with 
cetylpyrimidinium chloride (CPC), as previously described (Bellemann et al., 1994; Wang et al., 
2009, 2010, 2011).   
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